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Prélogo

En el ambito de la Ingenieria Quimica, la actividad investigadora actual se centra en el avance
del conocimiento orientado a la busqueda de nuevos procesos y al uso de tecnologias
emergentes con el objetivo de mejorar los procesos convencionales y encontrar alternativas que
incrementen la eficacia y la selectividad de los procesos, procurando, a la vez, aumentar la

sostenibilidad y la proteccion del medio ambiente.

En las dltimas décadas hay una gran concienciacién por la proteccidon del medio ambiente, la
lucha por el calentamiento global y el agotamiento de los recursos no renovables. Esto ha
transcendido en la aplicacién de politicas cada vez mds exigentes de regulacion y control de
emisiones contaminantes que han incentivado la investigacion, la innovacion y el uso de

tecnologias limpias.

En linea con esta sensibilidad, ha surgido un campo emergente de investigacion denominado
“Intensificacion de Procesos”, que pretende combinar de forma simultdnea la mejora en la
productividad y la sostenibilidad medioambiental a través de la investigacion y la innovaciéon en
todas las etapas y fases implicadas en los procesos de produccién. Es un campo interdisciplinar
que trata de aprovechar las sinergias para el desarrollo, optimizacién y aplicacion de tecnologias
mas limpias, con mayor eficiencia energética, equipos mas versatiles y de tamafio mas reducido,
tratamiento de todas las corrientes, redso de materiales y reduccién en la generacion de

residuos.

Las tecnologias de separaciéon con membranas son tecnologias limpias que han demostrado
numerosas aplicaciones en la Intensificacion de Procesos debido principalmente a su gran
versatilidad, facil aplicabilidad y su integracién en procesos hibridos. Algunas de ellas, en

concreto los procesos de microfiltracién y ultrafiltracidon, son objeto de estudio en esta Tesis.

En los ultimos afos, uno de los campos mas activos de investigacion y que ha surgido con mayor
auge es la nanotecnologia. Los grandes avances en nanotecnologia han proporcionado nuevas
herramientas para la Intensificaciéon de los Procesos en numerosas aplicaciones. Se trata del
desarrollo de nuevos materiales y técnicas de fabricacién que han supuesto un avance cientifico
y tecnoldgico de gran impacto en multiples campos en sectores como la robdtica, sensores,
electrénica, comunicaciones, informatica, nuevos materiales, medicina, biotecnologia, farmacia,

alimentacién y automocidn, entre otros.

La nanoencapsulaciéon es una rama de la nanotecnologia cuyo objetivo es el desarrollo de
nanoparticulas capaces de encapsular y/o atrapar compuestos. Esta tecnologia ha sido

empleada con gran éxito en la industria farmacéutica para la liberacidn controlada de farmacos,
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y en la industria alimentaria para la administracién de compuestos bioactivos, generalmente

insolubles en medio acuoso, con el fin de mejorar su solubilidad, estabilidad y biodisponibilidad.

Los niosomas son nanoparticulas que contienen una cavidad interior encerrada en una o varias
bicapas formadas por agregaciones de moléculas de tensioactivos no idnicos. Estas
nanoparticulas pueden emplearse como sistemas de transporte, encapsulacién y liberacion de
compuestos. Suponen una herramienta util debido a su elevada estabilidad y su capacidad de
encapsular tanto compuestos hidrofilicos como hidrofébicos, lo que ha supuesto que sean
utilizados en la encapsulacién de farmacos y en la formulacién de alimentos enriquecidos cuyo

interés ha crecido considerablemente.

Un aspecto novedoso que se presenta en este Tesis Doctoral es la posibilidad de utilizar
niosomas como agentes de extraccion. Para explorar esta posibilidad se utilizd6 como soluto
modelo el 4cido lactico, dado su enorme interés en el campo alimentario y en la produccidn de

bioplasticos.

El 4cido lactico es un compuesto ampliamente utilizado en multiples aplicaciones. En los dltimos
afos ha aumentado enormemente su demanda debido a su empleo en la produccién del acido
polilactico, un polimero biodegradable que representa una alternativa ecoldgica a los plasticos

derivados del petrdleo.

El acido lactico es producido generalmente mediante procesos de fermentacién, donde se
encuentra en muy baja concentracién debido a que generalmente el proceso sufre inhibicion
por el producto. Los procesos tradicionales de recuperacién del acido lactico se realizan
habitualmente mediante precipitacion del lactato de calcio con hidréxido de calcio. Este método
es costoso al constar de multiples etapas y requerir una gran cantidad de energia y agua,
suponiendo un elevado gasto econdmico. Ademas, este método es altamente perjudicial para
el medio ambiente, al emplear grandes cantidades de productos quimicos y generar elevadas
cantidades de subproductos que deben tratarse. En la actualidad, un gran nimero de
investigaciones se centran en la mejora de las etapas de separacion y concentracion del acido
lactico mediante tecnologias limpias, como las tecnologias de separacién con membranas, para

configurar procesos mas econdmicos, selectivos y respetuosos con el medio ambiente.

Desde esta perspectiva, el trabajo de investigacion que se presenta en esta Tesis Doctoral se
desarrolla en dos partes. Una parte inicial cuyo objetivo es explorar el uso conjunto de niosomas

y separacién con membranas mediante microfiltracion y ultrafiltracidn, para realizar las etapas

de extraccion, concentracién y reextraccion del acido lactico a partir de disoluciones acuosas

altamente diluidas. A esta parte se dedican los capitulos VI y VIl de esta memoria.
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En concreto, en el capitulo VI se estudian y se optimizan las variables de operacidn para realizar
la etapa de extraccién de acido lactico con niosomas de monooleato de sorbitdn, Span 80,
modificados con dodecil sultato sédico, SDS, y la etapa de concentracion con membranas de
microfiltracidon de TiO,. Asi mismo, se determinan las condiciones del medio para realizar la
etapa de reextraccidn, observandose, sin embargo, un fuerte ensuciamiento de la membrana
en esta etapa. El capitulo VIl es una continuacién del anterior, en el cual se estudia el proceso
de reextraccién con membranas de ultrafiltracion de ZrO, con el fin de solventar el fuerte
ensuciamiento observado en el estudio anterior, y se determinan las condiciones de operacion

Optimas de la etapa de reextraccion.

El estudio realizado en esta primera parte demostré que la optimizacidon de este proceso de
extraccién — reextraccion esta fuertemente condicionada por la formulacién de los niosomas y
del medio de dispersion. Es la composicién de ambas fases, continua y dispersa, la que afecta a
la capacidad y la cinética de extraccién, asi como la que determina el tipo de membrana vy las

condiciones de operacion.

En linea con los resultados de la primera parte, la segunda parte de la investigaciéon que se
presenta en esta memoria trata de profundizar en la caracterizacién y comportamiento en
diferentes medios del tensioactivo no iénico Span 80, abarcando los capitulos VIl y IX. En
concreto, en el capitulo VIl se estudia la interaccidon entre los niosomas de Span 80 y el
tensioactivo anidnico SDS, y en el capitulo IX las interacciones con el tensioactivo catidnico
bromuro de cetiltrimetilamonio, CTAB. Ademas, se estudia la estabilidad de los niosomas mixtos
y las propiedades de adsorcién y de agregacion en agua y en presencia de diferentes

concentraciones de sal.

Los tensioactivos utilizados en este trabajo (Span 80 y SDS) son biodegradables y de grado

alimentario, y el CTAB posee demostradas propiedades antisépticas y antibacterianas.

Los resultados presentados en esta Tesis Doctoral son de utilidad en la optimizacién de
formulaciones de aplicacién en procesos de extraccion, o en diferentes campos, incluidos la

preparacion de farmacos, cosméticos, y alimentos enriquecidos o funcionales.
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Objetivos

El trabajo que se presenta en esta Tesis Doctoral se ordena en dos partes:

» Una primera parte cuyo objetivo principal es investigar y evaluar el potencial uso de los
niosomas como agentes de extraccidén del acido lactico y la simultdnea separacién y
concentracién mediante tecnologias de membranas.

» Una segunda parte cuyo objetivo general es buscar formulaciones de niosomas estables
con baja concentracién de tensioactivos. Para ello nos propusimos estudiar la
estabilidad y las propiedades fisicoquimicas de diferentes formulaciones que contienen
el tensioactivo no iébnico monooleato de sorbitan (Span 80) y los tensioactivos idnicos

dodecil sultato sddico (SDS) y bromuro de cetiltrimetilamonio (CTAB).
La consecucidn de estos objetivos generales abarca los siguientes objetivos concretos:

1. Estudiar el efecto de diferentes variables de formulacidn de la fase dispersa y de la fase
continua sobre la capacidad y la cinética de extraccién del acido lactico. En concreto se
estudié el efecto de las siguientes variables: concentracién de SDS en la formulacidn de
los niosomas de Span 80, volumen de fase dispersa afiadida, concentracidon de acido
lactico y el pH de la fase continua.

2. Optimizar la formulacién de las fases continua y dispersa en la etapa de extraccion.

3. Seleccionar el tipo de membrana y optimizar las condiciones de operacion para realizar
las siguientes etapas: a) la etapa de concentracion de la fase dispersa con el acido lactico
extraido en los niosomas, y b) la etapa posterior de reextraccion para obtener la
separacion del lactato sddico en la corriente de permeado.

4. Explorar las posibilidades de trabajar con una bateria de multietapas para aumentar el
rendimiento de la extraccion.

5. Estudiar las interacciones entre los niosomas de Span 80 y el SDS en medio acuoso. En
concreto, determinar los puntos criticos de maxima adsorcién de SDS y de solubilizacién
total de los niosomas por micelizacion.

6. Estudiar la interaccidn de niosomas de Span 80 y CTAB en medio acuoso. Mas
concretamente, determinar los puntos criticos de maxima adsorcién y solubilizacién
total de niosomas de Span 80 con CTAB.

7. Estudiar el efecto de la presencia de diferentes concentraciones de NaCl sobre las
propiedades de agregacion y de superficie de niosomas de Span 80 y niosomas mixtos

de Spany CTAB.
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Tensioactivos o surfactantes

3.1. Definicion y conceptos

Los tensioactivos o surfactantes son moléculas que poseen una estructura molecular
caracteristica denominada anfipdtica. El término surfactante se ha adaptado de la palabra
inglesa “surfactant (surface active agent)”. Esta terminologia es muy utilizada coloquialmente

para hacer referencia a este tipo de moléculas.

Estas moléculas anfipdticas o anfifilas estdn constituidas por un grupo liofébico, con poca
atraccioén por el solvente, y un grupo liofilico, que tiene una gran atraccion por el solvente [1,2].
En la Fig. 3.1 se muestra la estructura quimica bdsica de una molécula anfipatica. La parte
liofébica esta formada por una cadena hidrocarbonada lineal o ramificada y en la parte liofilica

se encuentra un grupo funcional diverso [3].

Parte hidrofilica Parte hidrofébica

Figura 3.1. Estructura bdsica de una molécula anfipdtica.

Al poseer un grupo liofébico y otro liofilico en su estructura, las moléculas anfipaticas poseen
propiedades fisicas y quimicas caracteristicas. Cuando el solvente es agua, las moléculas se
disponen de tal manera que las partes hidrofébicas se orientan minimizando su contacto con el
agua. En la Fig. 3.2 se muestra la disposicién de las moléculas de tensioactivo en un medio

aCuoso.

Aire

Figura 3.2. Esquema del comportamiento de las moléculas de tensioactivo en un medio acuoso.
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Las moléculas anfipaticas tienden a adsorberse en la interfaz aire/agua disminuyendo la tension

superficial, o en cualquier interfaz entre fases, modificando la tensién interfacial [1].

La medida en que el caracter hidroéfilo o el lipéfilo dominan en un tensioactivo esta representada
por el balance hidrofilico — lipofilico o valor HLB (Hydrophilic-Lipophilic Balance). Un valor de
HLB alto (10 a 18) indica una sustancia mas hidréfila, que es adecuada para las emulsiones de
aceite en agua (O/W). Las sustancias con un HLB bajo (3 a 8) son lipdfilas y son adecuadas para

emulsiones de agua en aceite (W/O).

3.2. Propiedades de los tensioactivos

Ademas de muchas otras, los tensioactivos poseen dos propiedades basicas y caracteristicas [4].

Una de ellas es su capacidad de adsorberse en la superficie aire/agua y reducir la tension
superficial. La capacidad de disminuir la tensién superficial se atribuye a las fuerzas débiles de
interaccion de sus cadenas hidrofébicas con las moléculas de agua y a las fuertes interacciones
con los grupos hidrofilicos. El grupo hidrofilo interacciona con las moléculas de agua,
qguedandose localizado en la interfase aire/agua. La adsorcidén de las moléculas tensioactivas
provoca un cambio en la interaccién con las moléculas de agua, disminuyendo la energia de los

enlaces y, por tanto, la tension superficial [5].

Otra de las propiedades basicas que poseen los tensioactivos es su capacidad de agregaciéon o
asociacién cuando estan en solucién, formando agregados denominados micelas. La fuerza
impulsora para la formaciéon de micelas (micelizacion) es la reduccién del contacto entre las

cadenas hidrofdbicas y el agua, reduciendo asi la energia libre del sistema [6].

Otras propiedades que poseen los tensioactivos y que son de gran interés por su utilidad

practica, son las siguientes:

e Poder detergente: Se trata de la aplicacién mas conocida. Las moléculas de tensioactivos

son capaces de estabilizar la grasa dentro de las micelas. Tras un proceso mecanico o de
agitacion, la grasa que se encuentra adherida a una superficie sélida queda liberada y
puede ser atrapada por las micelas y arrastrada con el agua.

e Solubilizacidn: Se trata de una caracteristica muy importante, ya que los tensioactivos
permiten la solubilizacién en un medio liquido de compuestos de diferente naturaleza,
mediante interacciones de caracter polar o apolar con las diferentes partes de las

estructuras agregadas de los tensioactivos presentes en dicho medio.
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e Formacién de emulsiones: La presencia de tensioactivos reduce la tensién interfacial

entre los liquidos inmiscibles y facilita la formacion y la estabilidad de pequefas gotas
de la fase dispersa en el medio continuo.

e Poder humectante: La capacidad de los tensioactivos de disminuir la tensién superficial

promueve que el liquido se extienda por las superficies y las moje.

e Poder emulgente y dispersante: Se refiere a la capacidad de los tensioactivos de

estabilizar las emulsiones, evitando la coalescencia de las gotas.

e Poder espumante: Es la capacidad de formar espuma. Al disminuir la tension superficial

de la interfaz aire/agua se facilita la formacion de burbujas de aire.

Debido a las propiedades mencionadas, los tensioactivos poseen una gran versatilidad en cuanto

a su utilidad en numerosas aplicaciones industriales [5,7].

La infinidad de aplicaciones que poseen los tensioactivos les confiere una gran relevancia en la
mayoria de las industrias: detergentes, pinturas, colorantes, industria quimica, recubrimientos,
farmacéutica, cuero, metales, petrolera, pldsticos, textiles y fibras, alimentaria, celulosa,

cosmética, agricultura, etc.

La aplicacidon mas importante de los tensioactivos es su poder detergente, cuyo uso es el mas
empleado y genera un gran nimero de productos en el mercado. Mayoritariamente, se emplean

los tensioactivos anidnicos para esta aplicabilidad.

La segunda aplicacién de los tensioactivos mds utilizada son los productos de higiene vy
cosmeética, como los champus, perfumes, cremas, geles, etc. Al igual que la aplicacién anterior,
suelen emplearse los tensioactivos anidnicos. Su uso generalizado se debe a su capacidad de
emulsionar todo tipo de aceites o esencias en productos cosméticos, y mas recientemente por
su capacidad de encapsular medicamentos y compuestos bioactivos, fundamentalmente de
caracter lipdfilo, en el interior de micelas y vesiculas y aumentar asi su solubilidad en medio
acuoso [8,9]. En la Tabla 3.1 se resumen las principales aplicaciones de los tensioactivos

ordenadas por el tipo de actividad industrial.
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Tabla 3.1. Clasificacion de las principales actividades industriales que utilizan tensioactivos.

INDUSTRIA PROPIEDAD PRODUCTOS

Detergentes (polvo, liquidos)
Detergente
DETERGENTE Jabones
Estabilizadores de espuma
Productos de limpieza

Champus
Detergente
HIGIENE Geles
Emulsionante
Productos de higiene

Aceites y cremas
Emulsionante
Champus, geles, jabones, etc.

COSMETICA Detergente
Aceites
Solubilizante
Perfumes
Emulsionante Plaguicidas
AGRICULTURA
Humectante Herbicidas

Agente antimicrobiano
FARMACIA Cremas, antisépticos
Emulsionante

Emulsionante Mahonesa
Dispersante Salsas
Humectantes Antioxidantes
ALIMENTARIA
Antiespumante Conservantes
Acondicionadores Productos de panaderia y bolleria
Emulgente Mantequilla, chocolate, etc.
Solubilizante
PETROLEO Inhibidor de la corrosién
Dispersante
Emulsionante Pintura
PINTURA Dispersante Barnices
Modificador de la viscosidad Sprays

) Emulsionante
PLASTICO Plasticos
Modificador de la viscosidad

Humectacion

CURTIDO Cuero, pintura
Desengrasante
Detergentes
Emulsionante
TEXTIL Jabones
Detergente

Productos de limpieza
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3.3. Clasificacion de los tensioactivos

Hay varias formas de clasificar a los tensioactivos. Una de las mds comunes se basa en su
aplicacion, clasificandose en agentes emulsionantes, espumantes, humectantes, dispersantes,

etc. Otra clasificacién comun es segun su origen, como tensioactivos sintéticos y naturales.

Sin embargo, estas clasificaciones no proporcionan informacion acerca de su naturaleza quimica

y, en muchos casos, los tensioactivos poseen varias aplicaciones [2].

Por ello, la clasificacion mas extendida y utilizada atiende a la estructura de la molécula, ya que

ésta relacionada con sus propiedades y permite una mejor seleccidn para sus posibles usos.

De forma generalizada, los tensioactivos se clasifican en funcién de la naturaleza del grupo
hidrofilico en tensioactivos idnicos y no idnicos. Dentro del grupo de los tensioactivos idnicos,
se clasifican a su vez segln la carga que presentan en solucién, como tensioactivos aniénicos,
catiénicos y anféteros. En la Tabla 3.2 se recogen las principales caracteristicas de cada una de

estas tipologias.

Tabla 3.2. Principales caracteristicas de los tensioactivos segun su tipologia.

TENSIOACTIVOS CATIONICOS

PARTE Carga positiva

HIDROFILICA gap

COMPUESTOS - Alquil aminas y sales
POR: - Aquil imidazolinas

- Aminas polietoxiladas
- Aminas cuaternarias

COMPATIBILIDAD | compatibilidad: tensioactivos no idnicos y anféteros
Incompatibilidad: tensioactivos anidnicos

PROPIEDADES e Cosmética, acondicionadores, lacasy

Adsorcidn a superficies con champdus
carga negativa e Detergentes, suavizantes
¢ Inhibidores de corrosién

e Antisépticos, esterilizacion y
desinfectantes

e Medicina, industria alimentaria y
cosmeética

Propiedad bactericida

PRODUCCION Relativamente cara Fines y usos especificos

Utilizados en suavizantes, detergentes y desinfectantes
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TENSIOACTIVOS ANIONICOS

PARTE HIDROFILICA .
Carga negativa
COMPUESTOS POR: - Acil-aminoacidos
- Sales de ésteres del acido sulfurico
- Sales de acidos carboxilicos
- Sales de acidos sulfénicos
- Esteres del acido fosforico

APLICACIONES AMPLIA VARIEDAD

e Detergentes

e Espumantes

e Fungicidas

e Humectantes

e Emulsionantes
e Solubilizantes

INDUSTRIA Mas empleados a nivel industrial
Empleados mayoritariamente para detergentes

TENSIOACTIVOS ANFOTEROS

PARTE HIDROFiLICA Poseen grupos funcionales que pueden comportarse como
anidnicos o catidnicos dependiendo de las condiciones del
medio

A un pH acido se comportan como surfactantes catidnicos y
a un pH basico, como surfactantes anidnicos

COMPUESTOS POR: - Acil-aminoacidos y derivados
- N-alquil-aminoacidos
COMPATIBILIDAD Todos los grupos de tensioactivos
APLICACIONES Su fabricacion supone un gran coste: aplicaciones especificas

e Inhibidores de la corrosion
e Solubilizantes

e Suavizantes

e Espumantes

e Bactericidas
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TENSIOACTIVOS NO IONICOS

PARTE HIDROFiLICA Neutra

COMPUESTOS POR: - Alcoholes
- Alcanolamidas
- Oxidos de aminas
- Esteres
- Eteres

Grupo amplio y variado

PUESTO INDUSTRIA Segundo grupo de tensioactivo mas empleado
COMPATIBILIDAD Todos los otros grupos de tensioactivos
PROPIEDADES Baja toxicidad
APLICACIONES Actualmente ganando importancia en la industria

e Agentes humectantes
e Espesante

e Bajo poder espumante
e Emulsionante

e Solubilizante

Industria farmacéutica, agricultura, quimica, papel, textil,
alimentacion, cosmética, etc.

En los estudios realizados durante el desarrollo de esta Tesis Doctoral se han utilizado los
siguientes tensioactivos: el tensioactivo no iénico monooleato de sorbitan (Span 80), también
denominado monooleato de sorbitano, el tensioactivo anidnico dodecil sulfato sédico (SDS) y el
tensioactivo catidnico bromuro de cetiltrimetilamonio (CTAB). Sus estructuras, caracteristicas y

principales aplicaciones industriales se recogen en la Tabla 3.3.
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Tabla 3.3. Caracteristicas de los tensioactivos empleados.

MONOOLEATO DE SORBITAN DODECIL SULFATO SODICO BROMURO DE CETILTRIMETILAMONIO
(SPAN 80) (SDS) (CTAB)
TIPO SURFACTANTE No iénico Anidnico Catidnico
FORMULA
MOLECULAR C24Ha06 CHs~(CH2)11-0S05™ Na (C16H33) N*(CHs)s Br~
NO txi
© t.OXICO . Biodegradable
Grado alimentario . . s . .
PROPIEDADES . - Bajo coste de fabricacién Antiséptico eficaz contra bacterias y hongos
Fines humectantes, estabilizantes, . ..
. Baja toxicidad
emulsionantes
1]
|
CH, 0—C—CH, (CH,), CH, CH=CHCH(CH,},CH, \\S// \ \ﬁ/
' d NN\
ESTRUCTURA oGy 0. He N NNy N N\
H Br
HO OH
Uno de los tensioactivos
mas empleados en la industria . ..
. . . Detergente, suavizante, acondicionador
Alimentaria: chocolate, margarinas, Detergente .
helados, salchichas, etc Productos de limpieza Emulsionante
USOS INDUSTRIALES , SAICNICNAS, €. e imp Antiséptico
Cosmética Cosmética .
. . Bactericida
Farmacéutica Farmacéutica . .,
. ., s Inhibidor de la corrosion
Alimentacion (aditivo)
Productos de higiene
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3.4. Evolucion del uso y consumo de los tensioactivos a nivel industrial

Desde hace décadas, el consumo de tensioactivos ha ido creciendo paulatinamente,
observandose un fuerte crecimiento en el ultimo periodo analizado comprendido entre 2015y
2018. Los tensioactivos anidnicos son el grupo de tensioactivos mas importante en el mercado
global [10]. Sin embargo, es de destacar que se ha producido un cambio en la tipologia de los
tensioactivos utilizados. Hasta el aifio 2016, los datos indicaban que los grupos de tensioactivos
mayoritariamente utilizados eran los catidnicos y anidnicos, siendo el consumo de tensioactivos
no idnicos el menor y muy por debajo de los anteriores. Sin embargo, en los ultimos afios el
consumo de tensioactivos no idnicos ha ido aumentado hasta cifras casi equiparables a las de
los tensioactivos catidnicos y anidnicos. El aumento de los tensioactivos no idnicos se debe en
gran parte a sus buenas propiedades humectantes y emulsionantes, su compatibilidad con todos
los tipos de tensioactivos para generar sinergias de utilidad en nuevas aplicaciones y a su baja

toxicidad.

Segun el Instituto Nacional de Estadistica (INE) [11], en el afio 2018, el consumo de tensioactivos
en Espafia (excluidos los jabones) fue de 433 millones de kilogramos, con un reparto uniforme
entre los tensioactivos catidnicos, anidnicos y no idnicos, y con un valor global de 532,32

milllones de euros.

En cuanto a su uso, el mayor consumo de tensioactivos se produce en la fabricacion de
detergentes, lo que representa aproximadamente el 50% del mercado mundial de tensioactivos

[10].

La tendencia actual se dirige al uso y, por tanto, fabricacién de tensioactivos mas naturales y

biodegradables a partir de materias primas naturales.

La busqueda de biosurfactantes se debe a la mayor demanda de materias biodegradables
debido a la creciente preocupaciéon ambiental. Estos biosurfactantes poseen propiedades
similares a las de los surfactantes convencionales y tienen a su favor una baja toxicidad. Sin
embargo, los costes de su produccién auiin no son competitivos, lo que ha hecho que se frene su

comercializacion.
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3.5. Adsorcidn: propiedad de disminuir la tension superficial

La comprension del fendmeno de la adsorcidn de las moléculas de tensioactivo en la interfaz
aire/agua es de vital importancia para el conocimiento de los procesos fisico-quimicos que
atafen a las propiedades de los tensioactivos, como son los procesos de emulsion, formacion

de espuma, humectacién, detergencia, etc. [12,13].

Las fuerzas de cohesién entre las moléculas de un liquido son responsables del fendmeno
conocido como tension superficial (TS). Las moléculas que se encuentran en la superficie de un
liguido no tienen el mismo nimero de atomos vecinos que las que se encuentran en el medio
sumergido; por ello, las fuerzas de cohesidn entre las moléculas de la superficie son mayores
gue en el interior, generandose una "pelicula superficial" que ofrece cierta resistencia al paso

de un objeto a través de ella (Fig. 3.3).

Interface
0900 <
Liguid : ! ‘ :

O —0—-0—-0—0 1 i 2 3
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Figura 3.3. /lustracion que muestra el fendmeno de tension superficial de un liquido (a) y su

disminucion en presencia de tensioactivos (b). Tomada con autorizacion de Biolin (2017) [14].

La presencia de tensioactivos en la superficie de un liquido interrumpe la energia de cohesion
entre las moléculas del liquido y por lo tanto disminuye la tensién superficial. A medida que
aumenta la concentracidn de tensioactivo disminuye la tensidn superficial hasta alcanzar un
valor minimo, a partir del cual la tensidon superficial se mantiene constante, tal como se
representa en la Fig. 3.3. El valor minimo de tension superficial se identifica como Concentracion
Micelar Critica (CMC) [15]. A partir de la CMC, cualquier cantidad de tensioactivo que se afiada

a la solucién se incorporara en forma de agregado y no de mondémero.
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La CMC de un tensioactivo esta relacionada con el nimero de 4tomos de carbono de su cadena
hidrofdbica, de tal manera que, en un mismo tipo de tensioactivo (serie homadloga), un aumento
en la longitud de la cadena hidrofébica en un grupo —CH,, produce una disminucién de la CMC

a la mitad. El efecto del grupo de cabeza y del contra-idn sobre la CMC es menos acusado.

La adsorcion de moléculas de tensioactivo en la interfaz aire/liquido es consecuencia de su
estructura anfifila. Las repulsiones entre las partes hidrofdbicas de las moléculas de tensioactivo
inducen su transporte hacia fuera del seno de la solucidon acuosa, mientras que la parte
hidrofilica del tensioactivo interactia con las moléculas del agua mediante interacciones de
caracter fuerte, quedando las moléculas solvatadas [5]. La adsorcién de moléculas de
tensioactivo en la superficie de un liquido se identifica como un proceso dinamico de adsorcién
y desorcién, de tal manera que se conjuga el transporte difusional de las moléculas tensioactivas
desde el seno de la disolucidn a la interfaz aire/agua debido a un gradiente de concentraciényy,
a medida que la interfaz se va llenando, se produce de forma simultanea el transporte inverso
de moléculas desde la regién de la interfase a la regidn interior [16—18]. El primer proceso de
transferencia molecular se denomina adsorcién, mientras que el segundo proceso se denomina

desorcion, tal como se muestra en la Fig. 3.4.

Interf

lucion global
(Bulk)

Figura 3.4. Representacion de los procesos de transporte de los mondmeros.
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La dindmica de la adsorcién depende del coeficiente de difusién del tensioactivo. Sin embargo,
a medida que se va llenando la interfaz, pueden tener lugar fendmenos de impedimento a la
adsorcién por diferentes causas. Esos impedimentos o barreras a la adsorciéon pueden ser
estéricos, electrostaticos, debidos a un aumento de la presidn superficial o a la inexistencia de

espacios libres en la superficie [19].

La adsorcion de las moléculas de tensioactivo en la interfase aire/liquido provoca cambios en las
fuerzas de interaccion molecular en la superficie del liquido, disminuyendo la energia de los

enlaces y por tanto reduciendo la tension superficial [20].

En ausencia de gravedad, un liquido adquiere forma esférica, que es laforma con menor relaciéon
area-volumen. La reduccidn de la tension superficial provoca la disminucién de la superficie del
liqguido para un volumen dado. En este proceso interceden fuerzas intermoleculares de tipo

idnico, de Van der Waals y de tipo hidrofdbico [1].

3.6. Propiedad de agregacion o asociacion

Como se ha mencionado anteriormente, otra de las propiedades fundamentales de los

tensioactivos es su capacidad de agregacidn o asociacion.

La autoagregacion o micelizacidon es un proceso natural y espontaneo [1]. La descripcion tedrica
de este fendmeno es generalmente de tipo secuencial en la que se asume una primera fase de
saturacidn de la interfase, con la formacién de una monocapa adsorbida, seguida de una etapa
de agregacidon del tensioactivo en micelas u otras estructuras de mayor tamafio. La
concentracién de tensioactivo a la cual se produce la formacién de micelas coincide con el valor
de tensidn superficial minimo y con su CMC. El valor de la CMC es caracteristico de cada
tensioactivo y varia con las condiciones del medio, fundamentalmente temperatura vy

composicion [21-23].

Las moléculas de tensioactivo que se adicionan a partir de este punto se organizan en el seno
de la disolucidn formando agrupaciones denominadas micelas. En un medio polar como el agua
las micelas son esféricas, disponiéndose los grupos hidrdéfilos en contacto con la solucién y las
cadenas hidrofébicas confinadas en el interior. En un liquido apolar se forman micelas invertidas,
en las cuales las cadenas hidrofébicas estan en contacto con el medio, y los grupos polares

confinados en el interior.
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La posterior adicion de moléculas de tensioactivo da como resultado la formacién de mayor

numero de micelas y también del aumento de su tamafio, es decir, del nUmero de agregacidn.

En la Fig. 3.5 se ilustra el modelo secuencial que de forma general se asume para explicar el
fendmeno de agregacion, una vez alcanzada la CMC. En él se representa la coexistencia de los
mondmeros de tensioactivo en equilibrio dindmico con las micelas y las moléculas adsorbidas

en la superficie del liquido [15,24-25].

Concentraciéon Micelar

Critica (CMC)

Tension superficial (mMN/m)

Concentracién (mg/L)

Figura 3.5. Representacion del comportamiento de un tensioactivo en disolucion acuosa al ir

aumentando la concentracion y su efecto sobre la tension superficial.

La CMC es un valor indicativo de la tendencia a la micelizacidon. Cuanto menor es su valor, mayor
es su facilidad de agregacion. Su valor depende de la intensidad de la interaccion de fuerzas de
caracter electrostdtico entre los grupos polares y de las fuerzas hidrofébicas entre las cadenas

apolares de las moléculas de tensioactivo [3].

Si las interacciones electrostaticas entre las moléculas de tensioactivo son fuertes, las moléculas
no pueden acercarse lo suficiente para que tengan lugar interacciones entre las cadenas
hidréfobas. Esto explica por qué los tensioactivos idnicos, que poseen cargas netas en su region
hidrofilica, tienen mayor dificultad para la formacién de micelas y poseen valores mayores de
CMC respecto a otros tipos de tensioactivos. En cambio, los tensioactivos no idnicos poseen

menos interacciones electrostaticas, favoreciendo la micelizacion [26].
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Otros factores que afectan al valor de la CMC son el nimero de atomos de carbono del grupo

hidrofilico, la temperatura, el pH o la presencia de otros compuestos [1,6].

Para un tensioactivo, el valor de la CMC es muy importante, ya que las moléculas tensioactivas
tienen un comportamiento diferente dependiendo si se encuentran en forma de mondmeros o
en forma de micelas. Los mondmeros pueden adsorberse en la interfaz y modificar la tensidn
superficial: su presencia influye sobre la capacidad del tensioactivo para la humectacién y
formacidén de espuma. La presencia de micelas no contribuye a estos efectos, pero si afecta a

otras propiedades del medio como la viscosidad, absorcion de luz, conductividad, indice de

refraccion, etc. [25].

Algunas de estas propiedades experimentan un cambio brusco con la presencia de micelas y ese
cambio de inflexion permite una determinacién analitica precisa de la CMC. Algunas
propiedades donde se observa este comportamiento y que se emplea para determinar la CMC
de los tensioactivos son la tension superficial, presion osmatica, turbidez, absorbancia UV-vis,
solubilidad de un soluto y conductividad eléctrica, entre otras [6,15,27]. En la Fig. 3.6 se ilustra

el cambio de tendencia de diferentes propiedades con la concentracién de tensioactivo.

Presidn osmotica

Turbidez

Conductividad eléctrica

Tensidn superficial

cmC Concentracién

v

Figura 3.6. Comportamiento de diferentes propiedades de los tensioactivos con la

concentracion de tensioactivo.
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3.7. Niosomas

Los niosomas son estructuras vesiculares formadas por una o varias bicapas de tensioactivo no

idnico, que contienen en su interior una cavidad [8,9,26].

En los niosomas las moléculas de tensioactivo no iénico forman un autoensamblaje de modo
gue los extremos hidrofilicos se orientan hacia el exterior e interior de la vesicula, mientras que
las cadenas hidrofébicas se enfrentan dentro de la bicapa, como se muestra en la Fig. 3.7

[8,9,28-31].
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Figura 3.7. Representacion de la estructura de los niosomas.

Los niosomas poseen la capacidad de encapsular dentro de su estructura compuestos de
caracter hidrofilo y lipdfilo [32,33], disueltos en el interior acuoso o en el interior de la bicapa,

respectivamente [8,9,28,34].

Aunque la estructura de los niosomas es similar a la de los liposomas, éstos se componen de
agentes tensioactivos no idnicos, mientras que los liposomas estan formados por fosfolipidos

[35,36].

Un inconveniente que presenta el empleo de liposomas es el estar formados por fosfolipidos,
ya que eso implica una estructura quimicamente mas inestable debido a su predisposicion a la
degradacion oxidativa [37,38]. En cambio, los niosomas son quimicamente mas estables y

poseen una vida Util mas larga.

Ademas, los niosomas presentan numerosas ventajas respecto a los liposomas [33].
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Las principales ventajas del uso de niosomas frente a los liposomas son las siguientes

[9,30,32,36,38,39]:

e Mayor estabilidad

e Menor coste de fabricacién

e Mayor control en la liberacidon de compuestos encapsulados

e Alta compatibilidad con sistemas biolégicos

e Baja toxicidad

e Son biodegradables

e No producen reaccién inmunoldgica

e Permiten encapsular compuestos tanto lipéfilicos como hidrofilicos
e Facil almacenamiento

e Variables de formacién facilmente controlables

e Uniformidad de tamafios

e Pueden administrarse en tratamientos médicos de diferente naturaleza (uso tdpico,

oral, pulmonar, ocular, parenteral, etc.)

En su inicio, los niosomas fueron empleados en la industria cosmética, fundamentalmente en
cremas para mejorar la adsorcion y liberacién de compuestos [36,40,41]. Sin embargo, poco a
poco fueron abriéndose paso en otros campos como la industria farmacéutica, alimentaria o en

aplicaciones médicas [36,39,42—-45].

Para la preparacién de niosomas estables es necesario la aportacidén de energia, como puede ser
agitacién fisica o calor, a través de numerosos métodos [46]. La seleccidon del método mas
apropiado depende del tipo de tensioactivo presente en la formulacidn, del compuesto a

encapsular y de la aplicacion final del producto.

Las técnicas de preparacion de niosomas son muy variadas. Entre los métodos de preparacion
destacan los siguientes: método de hidratacion de pelicula seca, método de burbuja, método de
inyeccion de éter, método de evaporacion en fase inversa, microfluidizacién y sonicacion, entre
otros [32,36,42,47]. En la Tabla 3.4 se describen y comparan las diferentes técnicas mas

utilizadas.

34 Tesis Doctoral



Tabla 3.4. Principales técnicas de preparacion de niosomas.

Preparacion

Descripcion del método Ventaja Desventaja Ejemplos
. -, L, , . . ., . - Técnica facil Uso de
Hidratacién de una Formacion de una pelicula seca de tensioactivo por evaporacion del disolvente organico y . y .
, . . ., ampliamente disolventes [28,36,48]
pelicula delgada posterior hidratacién. . (.
utilizada organicos
. . . . s . No
El tensioactivo y el compuesto se disuelven en éter dietilico o etanol y se inyectan lentamente en e s
-, . . . L, Técnica facil para | aplicabilidad en
Inyecciéon con éter | una fase acuosa que contiene el compuesto a encapsular, por encima del punto de ebullicion del . L [39]
. - investigacion compuestos
disolvente orgdnico .
termosensibles
Método del Si el interior del niosoma tiene un valor de pH (pH acido) inferior al externo, la sustancia a L Uso de
. . . . . . . Alta eficiencia de .
gradiente de pH encapsular cruza la membrana del niosoma, y en el interior se ioniza en el medio acido, siendo encapsulacion disolventes [39]
trans-membranal incapaz de abandonar el niosoma organicos
. Los tensioactivos se disuelven en una mezcla de éter y cloroformo y se afiade una fase acuosa L Uso de
Inversién de fases . . el . . Alta eficiencia de .
. gue contiene el compuesto. El sistema bifasico resultante se homogeneiza y la fase orgénica se ., disolventes [49]
por evaporacién . . encapsulaciéon .
evapora a baja presion organicos
Sin disolventes
organicos (caros, No
. S . El compuesto a encapsular y el tensioactivo interactian a una velocidad alta dentro de los dificiles de aplicabilidad en
Microfluidizacién . ) . . [39,50]
microcanales del microfluidizador. eliminar compuestos
completamente y | termosensibles
peligrosos)
o - No
, Se mezclan todos los componentes en un matraz a elevada temperatura (60—70 °C) utilizando un . L
Método de la . . ) . . Sin uso de aplicabilidad en
. homogeneizador para obtener una buena dispersion. Posteriormente el matraz se introduce en . [51]
burbuja disolventes compuestos

un bafo con agua y se hace burbujear nitrégeno a través de la mezcla

termosensibles




Proniosomas

Recubrimiento soluble en agua del portador con un tensioactivo no iénico. Formulacion seca en
gue cada particula soluble en agua esta cubierta con una fina pelicula seca de tensioactivo

Reduccién de la
inestabilidad

. Proceso
fisica y aumento compleio [52]
de la eficacia de Pl
encapsulacion
Método de un
solo paso No puede
Método de Implica la hidrataciéon de una molécula anfifila en una solucién acuosa que contiene un 3% en escalable c<’)n aplicarse a 53]
calentamiento (HM) volumen de un poliol a alta temperatura compuestos
agentes no s
L termolabiles
toxicos
Uso de
compuesto no Largas
Diéxido de carbono . . . - . inflamable estructuras
. Proceso de formacién de niosomas que utiliza CO2 en condiciones supercriticas " o . [35,36]
supercritico (scCO2) volatil, no téxico, | unilaminares
y sin disolventes | de gran tamano
organicos.
Método sencillo, Se requiere
Sonicacién El tensioactivo se dispersa en la fase acuosa y esta dispersidn se somete, junto con el compuesto | baratoy sin uso un equipo 39,40]
a encapsular, a ultrasonidos utilizando una sonda de ultrasonidos de alta potencia de disolventes | especifico para !
organicos. este método
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Tecnologia de membranas

4.1. Procesos de separacion con membranas

Los procesos con membranas son procesos de separaciéon que utilizan una membrana como
barrera fisica de separacién entre dos fases fluidas, a través de la cual se puede intercambiar
materia y energia [1]. La membrana actla permitiendo el transporte selectivo de ciertos

componentes y rechazando el paso a otros [2].

La European Membrane Society definid el término membrana como una fase intermedia que
separa dos fases y actla como barrera activa o pasiva para el transporte de materia y energia

entre las fases.

En la Fig. 4.1 se muestra una representacion del proceso con membranas, donde se observa que
el fluido denominado alimentacion pasa a través de la membrana y genera dos corrientes: la
corriente que pasa a través de la membrana se denomina permeado, y la corriente que no
atraviesa la membrana y que contiene los solutos que son rechazados por ella se denomina

retenido o concentrado [3].
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Figura 4.1. Representacion genérica de un proceso con membranas.

El transporte a través de la membrana se efectla por la acciéon de una fuerza impulsora capaz
de provocar el paso de compuestos a través de la membrana. Esta fuerza impulsora puede ser
una diferencia de concentracidn, potencial eléctrico, temperatura o presion, pudiendo actuar
de forma Unica o combinadas [4,5]. Aunque hay mas procesos que los indicados en la Tabla 4.1.,
en ella se muestran los procesos mas conocidos clasificados segin la naturaleza de la fuerza

impulsora.

Tesis Doctoral 43



Span 80: Estudios de extraccidon y caracterizacion

Tabla 4.1. Principales procesos de separacion con membranas segun la fuerza impulsora.

FUERZA IMPULSORA PROCESOS CON MEMBRANAS
Electroforesis
Gradiente de potencial eléctrico Electrodialisis
Electrolisis
Dialisis

Separacion de gases
Membranas liquidas
Pervaporacion

Gradiente de concentracion

Microfiltracion
Ultrafiltracion

Nanofiltracion

Osmosis inversa

Gradiente de presién transmembranal

Gradiente de temperatura Destilacion con membranas

CLASIFICACION DE LAS MEMBRANAS:

Las membranas pueden clasificarse atiendo a diferentes aspectos [5]:

Naturaleza (bioldgicas o sintéticas)
® Funcion (filtracidn, concentracion, separacion, etc.)
® Morfologia (tubulares, planas, espirales, etc.)

® Composicidn (inorgdanicas, organicas o mixtas)
e Porosidad (porosas, no porosas, liquidas, simétricas o asimétricas)

e Estructura (homogénea, asimétrica o compuesta)

® Estado fisico (gaseosas, liquidas, sélidas o combinaciones)

44 Tesis Doctoral



Tecnologia de membranas

En cuanto a la naturaleza de las membranas, se distingue entre membranas bioldgicas y

sintéticas [6].

Las membranas biolégicas son aquellas que se encuentran en los seres vivos y pueden

ser vivas o no vivas. Suelen emplearse en ambitos de la medicina y la industria

farmacéutica.

Las membranas sintéticas pueden ser organicas o inorgdnicas.

Las membranas organicas son de naturaleza poliméricas y pueden tener una estructura
porosa o densa. Debido a sus propiedades fisico-quimicas pueden presentar
limitaciones en su resistencia mecanica y térmica, asi como limitaciones en el flujo de
permeado y selectividad para ciertas aplicaciones [7].

Las membranas inorganicas poseen mayor estabilidad térmica, mecdnica y quimica. No
obstante, son mas fragiles y caras. Pueden ser de naturaleza cerdmica, vitrea o metalica,

siendo las primeras las que hasta el momento presentan un mayor rango de aplicacién.

TIPOS DE FILTRACION:

Los procesos de separacion con membranas permiten operar de dos modos: filtracién en torta

o directa y filtracidn tangencial o cruzada.

Filtracién en torta o directa:

En este modo de filtracidn, la alimentacién es perpendicular a la superficie de la
membrana. El flujo de permeado se ve afectado significativamente por la deposicién
continua de sdlidos sobre la superficie de la membrana, formdndose una torta que
aumenta continuamente de espesor a medida que trascurre el proceso de filtracién.
Esto da lugar a una disminucidon del flujo de permeado que hace que en este modo de
filtracidn sea necesario operar en discontinuo. Con este modo de operacidn, al ejercer

una mayor presién no se produce un aumento el flujo.

Filtracién tangencial o cruzada:

En este modo de filtracidn, la alimentacion circula paralelamente a la superficie de la
membrana, de tal forma que los compuestos que quedan retenidos por la membrana,
son arrastrados por el flujo tangencial [6]. Este modo de operar presenta la ventaja de
gue se minimiza la deposicion de particulas sobre la membrana y disminuye el
ensuciamiento, aumentando significativamente el flujo de permeado y la eficacia de la

separacion.
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Con este modo de filtracion, el flujo de permeado disminuye inicialmente hasta
estabilizarse en el tiempo, alcanzandose un flujo constante durante tiempos
prolongados que permiten trabajar en continuo [8]. Este es el modo de operacién

habitual en los procesos con membranas.

En la Figura 4.2. se ilustra de forma comparativa ambas formas de filtracion.

FILTRACION TANGENCIAL FILTRACION CONVENCIONAL

l

O@l 010 )

ESPESOR CAPA

FLLJO
¢ ESPESOR CAPA

TIEMPO TIEMPO

Figura 4.2. Representacion de la filtracion tangencial y convencional.
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4.2. Antecedentes y aplicaciones

Los procesos con membranas son considerados tecnologias relativamente actuales. Los
primeros estudios relacionados con las membranas tuvieron lugar en 1748 por Nollet, que

establecié el término y principio basico de la ésmosis [9].

En el siglo XIX se estudiaron las propiedades de las membranas y se desarrollaron muchos de los
principios, leyes y modelos tedricos de los procesos de transporte en membranas, como el
transporte difusivo por la ley de Fick, la presién osmotica por la ecuacidon de Van't Hoff y

posteriormente por Einstein, y el principio de exclusion Donnan, entre otros.

La primera membrana de uso comercial fue desarrollada en Alemania en 1920 por Sartorius, con
aplicacién para filtracién de bacterias. Esta membrana estaba compuesta fundamentalmente de
nitrato y acetato de celulosa, materiales empleados en las actuales membranas de

ultrafiltracién; sin embargo, fueron empleadas solamente a escala de laboratorio [9].

No fue hasta décadas posteriores cuando el uso de las membranas en procesos de filtracion
empezd a ser considerado viable a escala industrial. Una fecha histérica fue 1955, cuando en

EEUU se emplearon las primeras membranas en un proceso de electrodidlisis.

El gran avance en la aplicacion tecnolégica de las membranas se produjo a finales de los afios 50
del pasado siglo gracias al proceso Loeb-Sourirajan para el desarrollo de membranas
anisotrdpicas y su aplicacién en dsmosis inversa, que al proporcionar mayores flujos de
permeado hicieron posible su uso practico para la desalinizacion de agua de mar. Este
acontecimiento permitid nuevos avances en los afios posteriores. En la década de los 80 se
desarrollaron los procesos de microfiltracion y ultrafiltracidn, y posteriormente los procesos de

separacion de gases con membranas y la pervaporacion [10].

Desde entonces, debido principalmente al desarrollo de nuevos materiales, la tecnologia de
membranas ha ido evolucionando y sus aplicaciones a nivel industrial han ido aumentado cada
vez mas. Actualmente los procesos con membranas tienen una amplia implantacién a nivel
industrial y se utilizan en una gran variedad de aplicaciones como la desalinizacién de agua de
mar, recuperacion y reutilizacion de aguas residuales e industriales, agricultura, mineria,
metales pesados, produccion de biocombustibles [11], industria farmacéutica, quimica,

alimentaria [12], plasticos, textil, petrolera, etc.
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Las tecnologias con membranas destacan por su gran versatilidad, ya que pueden aplicarse con
fines de filtracion, concentracidn, purificacién, fraccionamiento, reaccién quimica, extraccion,

adsorcién, destilacién, etc. [11].

Las principales ventajas que presentan las tecnologias con membranas son las siguientes:
e Son procesos en continuo
e Bajo consumo energético
e Proceso facilmente escalable a nivel industrial
e Facilmente combinables y adaptables con otros procesos
e Equipos compactos y simples
e Posibilidad de operar en condiciones de temperatura moderada
e Facil manejo y control del proceso
e Variedad de aplicaciones y usos
e No requiere generalmente adicion de agentes externos o quimicos

e Bajas pérdidas en el sobrante

Estas caracteristicas que de forma genérica se atribuyen a los procesos de membranas hacen

gue sean consideradas “tecnologias limpias” debido al bajo impacto sobre el medio ambiente.

A pesar de las numerosas ventajas de las tecnologias con membranas, también presentan
inconvenientes asociados a la limitacién en el flujo de permeado causado por los fendmenos de
polarizacion por concentracién y ensuciamiento de las membranas. Para reducir estos
problemas, en aquellas operaciones donde su incidencia es mas acusada, como en los procesos
de microfiltracién y ultrafiltracién, existen diferentes estrategias en las formas de operar que
mejoran sustancialmente la eficiencia de los procesos y los costes de la operacion [9,13]. Otros
inconvenientes que presentan las tecnologias con membranas son el reducido factor de
concentracién que se puede alcanzar con ellas en comparacidn con otros procesos como la
evaporacién y una vida util relativamente corta por el deterioro que provoca en las membranas

el uso de disolventes orgdnicos en las etapas de limpieza.
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4.3. Procesos impulsados por una diferencia de presion transmembranal

Los procesos con membranas mas empleados son los que utilizan como fuerza impulsora una
diferencia de presidn transmembranal. La presion requerida para forzar el paso de componentes

a través de una membrana es proporcional al tamafio de sus poros.

Las membranas que se utilizaron en este estudio pertenecen a este grupo, empleandose un

gradiente de presidon como fuerza impulsora.

Los procesos con membranas impulsados por una diferencia de presién son los mas conocidos
e implantados a escala industrial. En funcién del tamano de los poros de la membrana que
utilizan, y por tanto del tamafio de particula que rechazan, se clasifican en microfiltracién (MF),

ultrafiltracidon (UF), nanofiltracidn (NF) y 6smosis inversa o hiperfiltracion (Ol).

) " .
\ e Sélidos suspendidos
L
\\ " 0‘
e ® - Microfiltracion
1\
\ Macromoléculas
\
Y S S SRR Ultrafiltracion
\ : N
\ lones multivalentes y solutos pequefios
————— R il et Nanofiltracién
\ lones monovalentes
\
______ L Osmosis inversa
\
\ Agua
v

Figura 4.3. Separacion de componentes en los procesos con membranas impulsados por un
gradiente de presion.
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Tabla 4.2. Caracteristicas de los procesos con membranas impulsados por un gradiente de

presion.
TAMANO ESPECIES FUERZA PRESIONES MECANISMO DE
DE PORO RETENIDAS IMPULSORA APLICADAS (bar) SEPARACION
Sélidos
MICROFILTRACION 0,1 -10 pum sus?endldgs y Gradler.m’fe 0,2-2 Tama,no de
particulas finas, de presién particula
bacterias, etc.
ULTRAFILTRACION  1-100 nm Coloidesy ~ Gradiente 1-10 Tamafio de
macromoléculas de presién particula
Compuestos de Tamafio de
NANOFILTRACION 1nm bajo peso  Gradiente 10-40 particula y carga/
moleculary de presién Disolucién-
sales divalentes difusién
Sales
OSMOSIS INVERSA  <0,5nm  monovalentesy  Gradiente 10-100 Disolucion-
solutos de bajo  de presion difusién

peso molecular

EnlaFig. 4.3 yenlaTabla 4.2 se muestra una representacion de la separacién y las caracteristicas
de los procesos de separacién impulsados por presion.

En las membranas de microfiltracion y ultrafiltraciéon, el mecanismo de separacién de los
componentes es fundamentalmente por tamizado debido al tamafo de los poros, mientras que,
en las membranas densas de ésmosis inversa, la separacion tiene lugar por diferencias en la
solubilidad y difusividad de los componentes en el material de la membrana. La nanofiltracion
es una operacidn con caracteristicas intermedias entre la ultrafiltracidon y la ésmosis inversa,
debido al pequefiisimo tamafo de los poros.

La presién requerida para llevar a cabo los procesos de nanofiltracién y ésmosis inversa es
mucho mayor que la requerida para la microfiltracidn y ultrafiltracién. Esto se debe a que, a
medida que disminuye el poro de la membrana, aumenta la resistencia de la membrana al paso
de la corriente de permeado, por lo que debe aplicarse mayor presidn para forzar su paso a

través de la membrana.
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En la modelizacidn de los procesos con membranas se debe tener en cuenta la permeabilidad y
selectividad de la membrana, ambas condicionadas por las caracteristicas del medio (el tamafio
de las particulas, presencia de otros componentes, pH, carga de las particulas, tipo de
disolvente), las interacciones de los componentes con la membrana y las condiciones de
operacion (temperatura, velocidad tangencial, presion aplicada, configuracién del mddulo, tipos
de flujo y formas de operar) [4,12,14]. Debido a la diversidad de factores que intervienen en
estos procesos, se debe realizar un trabajo de laboratorio previo orientado a la seleccidn del tipo
de membrana a emplear en cada contexto determinado, el tipo de médulo y las condiciones de

operacion y limpieza.

e  MICROFILTRACION

La microfiltracidn es un proceso que produce el rechazo de sélidos suspendidos o particulas en
suspension.

En general, las membranas de microfiltracién tienen un tamafio de poro comprendido entre 0.1
y 2 um y funcionan adecuadamente a presiones bajas, inferiores a 5 bar, produciendo elevados
flujos de permeado [15,16]. Suelen emplearse membranas asimétricas porosas. El mecanismo
de retencidn o rechazo se debe al efecto tamiz o cribado que ejerce el tamafo de los poros,
aunque la separacién esta ademas influenciada por las interacciones entre la solucién y la
superficie de la membrana.

La eficiencia en estos procesos se ve afectada por la acumulacién de sélidos sobre la superficie
de la membrana, dando lugar a la disminucién del flujo de permeado a causa a la polarizacidén
por concentracion y el ensuciamiento.

Este tipo de membranas son empleadas en una amplia gama de aplicaciones y campos,
destacando su uso en el tratamiento de aguas residuales y de aguas procedentes de la industria
farmacéutica, quimica, alimentaria y electrénica [10].

Se utilizan especialmente en la industria alimentaria (eliminacidon de particulas, patégenos,
bacterias, levaduras, clarificacion de zumos, salmuera de queso, vinagre y vino y recuperacion
de aguas de lavado o efluentes) y farmacéutica (purificacion de urea). También en el sector

automouvilistico para recuperacion de pintura o eliminacion de aceite en aguas residuales.
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e ULTRAFILTRACION

La ultrafiltracion produce el rechazo de macromoléculas, virus y particulas suspendidas. Las
membranas de ultrafiltracidn son porosas, siendo el mecanismo de retencidn el tamafio y forma
de las particulas respecto a los poros de la membrana. Las presiones de operacién requeridas
son inferiores a 10 bar.

La microfiltracién y ultrafiltracién son tecnologias muy similares, que se diferencian en el
tamafio de los poros de la membrana y en el tamafiio de las particulas que quedan retenidas.
Las membranas de ultrafiltracion se clasifican segin su corte molecular o MWCO (molecular
weight cut-off), que equivale al peso molecular del soluto de menor tamafo que queda retenido
por la membrana en un 90%.

En este tipo de procesos es importante considerar la limitacion del flujo de permeado por efecto
de la polarizacién por concentracién. Este fendmeno provoca la existencia de un flujo maximo,
independiente de la fuerza impulsora, por lo que es un factor limitante de las condiciones de
operacion (presién aplicada); sin embargo, su valor depende de las formas de operacion
(direccion de los flujos a ambos lados de la membrana, efectos de contrapresién para la
inversion ciclica del permeado, etc.) y las condiciones del medio (pH, temperatura, presencia de
sales y solutos pequefios, etc.) [17].

La aplicacién de las membranas de ultrafiltracién abarca una gran variedad de dareas: reciclado
de agua, industria quimica, tratamiento de aguas residuales, alimentacidon (zumos, lactea,
almidén), medicina, biotecnologia e industria farmacéutica. La ultrafiltracion también suele

emplearse como una barrera de desinfeccidn para la eliminacidn de bacterias y virus [18].

e NANOTRAFILTRACION

La nanofiltracion es un proceso intermedio entre la smosis inversa y la ultrafiltracién.

Las membranas de nanofiltracion proporcionan un elevado grado de retencidon de sales
inorganicas divalentes y moléculas organicas de bajo peso molecular (como azlcares,
aminodcidos, acidos orgdnicos, etc.). Requieren de una presién de operacién en el rango de 10
a 40 bar [18]. Al igual que las membranas de ultrafiltracion, estas membranas se clasifican por
el peso molecular de corte o MWCO.

La diferencia con las membranas de dsmosis inversa reside fundamentalmente en el bajo
rechazo por los iones monovalentes, y un mayor flujo de permeado [19].

El mecanismo de separacion de las membranas de nanofiltracion no solo es mediante el tamafo

de particula, sino que otro de los factores a tener en cuenta es la carga.
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El rechazo de las membranas de nanofiltracidn se atribuye a tres mecanismos: efectos estéricos,
efecto Donnan y efectos dieléctricos [20].

El mecanismo de retencién de los solutos no cargados se debe fundamentalmente al efecto
tamiz por su tamanfo, con relacion al tamafio de los poros. Sin embargo, en la retenciéon de los
solutos que presentan carga deben considerarse ademas las interacciones electrostaticas entre
los campos eléctricos asociados al transporte de cada ion, efectos de exclusion Donnan entre
los solutos y la membrana y los efectos dieléctricos [19].

El efecto Donnan influye sobre los mecanismos de transporte cuando la membrana se encuentra
cargada. Se debe a un equilibrio que se establece entre las particulas cargadas que pueden
atravesar la membrana y las que quedan atrapadas y que se ve afectado tanto por la carga como
la concentracion.

Sila membrana posee carga, los compuestos con carga opuesta son atraidos hacia la membrana
y los compuestos con la misma carga son repelidos.

El mecanismo de interaccion dieléctrica tiene lugar entre la carga de la superficie de Ia
membrana y las moléculas de agua, que presentan bipolaridad. Dependiendo de la carga del
compuesto, éste puede verse atraido o repelido por la membrana y el seno del fluido,
favoreciendo el paso a través de los poros o su exclusién [19].

Las membranas de nanofiltracion son empleadas en muchas aplicaciones: en el tratamiento y
desalinizacion de aguas salobres y aguas residuales, en la industria farmacéutica, biotecnolégica
y alimentaria. Las principales aplicaciones son en la produccién de agua potable (eliminacién de
contaminantes, metales pesados, antibidticos, hormonas, plaguicidas, etc.), pero también en el
sector de la industria quimica (dcido acético, metanol, acido tanico), industria alimentaria

(sueros, industria lactea, bebidas, aceite y azlcar) e industria textil.

e OSMOSIS INVERSA

La 6smosis inversa posibilita separar las particulas de bajo peso molecular, permitiendo que las
moléculas de agua pasen a través de la membrana, mientras que iones monovalentes y
particulas de mayor tamafio quedan retenidas.

Las presiones de trabajo estan comprendidas entre 10 y 100 bar. La ésmosis inversa es una
tecnologia robusta y eficiente en energia, aunque requiere bombas de alta potencia y consumo
energético [21,22].

El mecanismo de separacién es fundamentalmente por disolucidn — difusidn a través de la
membrana [23,24]. La separacion se lleva a cabo por diferencias de solubilidad y difusividad de

los componentes que atraviesan las membranas [9].
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Actualmente, la dsmosis inversa es el proceso mas utilizado en la tecnologia de desalinizacién,
con un 53% en la produccién de agua desalinizada [25,26]. También se emplea en la generacién

de energia y en la industria farmacéutica [27].

4.4. Eficienciay productividad

Los procesos de separacion con membranas presentan dos pardmetros importantes a tener en
cuenta: la eficiencia y la productividad. La productividad esta relacionada con la velocidad de
permeacién de los componentes a través de la membrana. La densidad de flujo de permeado
referida a un componente, J;, es la velocidad de transporte de materia de ese componente a
través de la membrana, expresada por unidad de superficie de la membrana. Cuando son varios
los componentes que atraviesan la membrana, la densidad de flujo total de permeado, J, es la

suma de la de los diferentes componentes y se puede expresar de la siguiente manera:
=20, (1)

La eficiencia de separacion estd relacionada con la calidad del permeado como consecuencia del
efecto de la membrana sobre cada componente. El rechazo de la membrana por un
componente, R;, se determina por el grado de reduccidn en la concentracién de dicho

componente, calculado por la Ec. (2):

Cpoi
Ri:l-clr:i (2)

donde Cp, y C:, es la concentracidn del componente de interés en el permeado y en el retenido,

respectivamente.

En general, ambos pardmetros, Ji y Ri, estan afectados por la concentracién, las caracteristicas

del medio y por las condiciones de operacion.

En los procesos impulsados por una diferencia de presidn transmembranal, la relacion entre la
densidad de flujo volumétrico de permeado (m/s) y la fuerza impulsora (Pa) se describe

mediante la siguiente ecuacion:

w2
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Donde AP es la diferencia de presién transmembranal aplicada, An es la diferencia de presion
osmoética a ambos lados de la membrana, p es la viscosidad de la alimentacién y Rr es la
resistencia global del proceso al flujo de permeado, generalmente expresada como suma de

resistencias en serie, entre las que se incluye la resistencia de la membrana.

La resistencia de la membrana, Rn, es constante y no depende de la composicién de la

alimentacién, ni de la presion aplicada.

En el caso de solutos de elevado peso molecular en soluciones diluidas, la diferencia de presion

osmotica a ambos lados de la membrana es despreciable.
Si el disolvente empleado es agua pura, la ecuacidn a utilizar es la siguiente:
Jw=LpAP (4)

Donde L, es la permeabilidad de la membrana al agua. Este valor puede obtenerse de forma
experimental mediante la pendiente del flujo del agua frente a la diferencia de presién aplicada
y esta relacionada con la resistencia de la membrana y la viscosidad del agua mediante la

siguiente la ecuacién, donde . es la viscosidad del agua a la temperatura de operacion:

(5)

4.5. Polarizacién por concentracion

La polarizacién por concentracién es el fendmeno causado por la acumulacion de solutos en la
superficie de la membrana cuando se opera con flujo tangencial. Aunque es un fendmeno
inherente a todos los procesos con membranas, su efecto es relevante en la electrodidlisis y en
los procesos impulsados por una diferencia de presidon transmembranal, especialmente en

microfiltracion y ultrafiltracion.

La polarizacion por concentracion se produce a consecuencia de la acumulacién de solutos en la
superficie de la membrana como resultado de un balance entre las fuerzas paralelas a la
membrana debidas al flujo tangencial a la membrana y las fuerzas perpendiculares a la
membrana debidas a la permeacion. El resultado de este balance es la formacién de una capa
limite o capa de polarizacidon por concentracidn en la cara del retenido, a través de la cual se
establece un gradiente de concentracién. La existencia de esta capa de polarizacién por
concentracién ocasiona una resistencia a la permeacién y por tanto una reduccién en el flujo de

permeado [20,28].
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La polarizacién por concentracion es un efecto que no puede evitarse, si bien se puede minimizar
seleccionando las condiciones de operacidn. Se trata de un proceso reversible, ya que su efecto

se anula al suprimirse la fuerza impulsora [17,29-31].

En la Fig. 4.4. se representa la formacidn de la capa limite que causa el proceso de polarizacidn

por concentracion.
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Figura 4.4. Representacion del fendmeno de polarizacion por concentracion.

En el estado estacionario el espesor de la capa estancada o capa limite y la densidad de flujo de
permeado alcanza valores constantes. Esta situacion se produce debido al hecho de que en la
capa estancada se genera un flujo difusivo de materia hacia el seno del retenido como
consecuencia de la existencia de un gradiente de concentracién, expresado por la ecuacion de
Fick. El estado estacionario se alcanza cuando el flujo neto de un soluto hacia la membrana, es
decir el flujo convectivo hacia la membrana menos el flujo difusivo en sentido opuesto, es igual
al flujo de permeado de dicho componente a través de la misma. El balance de materia en la

capa de polarizacidn queda reflejado mediante la siguiente expresién:

dc
JoC+D 22)=1,Cp (6)

donde D es el coeficiente de difusidn del soluto en la capa limite y J, es la densidad de flujo de

permeado [10].

56 Tesis Doctoral



Tecnologia de membranas

La integracion de esta ecuacién para las condiciones de la capa limite de espesor o, con C=Cy

para x=0, y C=Cg si x=0, conduce a la siguiente ecuacion:

Jp=k Ln [f:“:_'g:’] (7)

Donde k es el coeficiente de transferencia de materia en la capa limite, siendo k=D/d. Esta
ecuacion determina que la densidad de flujo de permeado, cuando el proceso esta limitado por
el fendmeno de polarizacién por concentracidn, no estd determinada por la presion, sino que su
valor depende de las concentraciones del soluto en la superficie de membrana, permeado y
retenido (Cw, Cp y Cg, respectivamente) y del coeficiente de transferencia de materia en la capa

de polarizacion (k).

Para aumentar la densidad de flujo de permeado, como se puede ver mediante la Ec. (7), hay

gue aumentar el valor de k o reducir el espesor de la capa limite.

Como se ha indicado, la capa de polarizacidn da lugar a que el rechazo real o intrinseco de la

membrana sea mayor que el rechazo observado.

El rechazo real o intrinseco (Rint) y el rechazo observado (Rops) de la membrana se expresan

mediante las siguientes ecuaciones:
Cp

Rine=1- [ ] (8)
M

Robs=1- [E_;] (9)

La relacién entre el rechazo real y el observado queda expresado mediante la siguiente ecuacion:

R= {1+ [%] exp (-Pe)} -1 (10)

obs

donde Pe es el nimero de Peclet, que se define como Pe = JO/D y expresa la relacion entre el
flujo convectivo y el flujo de retrodifusién.

En condiciones de operacion de baja presion transmembranal, elevadas velocidades
tangenciales sobre la membrana, y con solutos de bajo peso molecular, el efecto de la

polarizacidn por concentracién es insignificante y el valor de Robs €5 muy préximo a Rint.
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En las situaciones contrarias, donde la polarizacién por concentracidn es significativa, el valor de
Rint €s mayor que Rops.

En la Figura 4.5. se muestra el comportamiento de la densidad de flujo de permeado en funcién
de la presién cuando existe control del proceso por efecto de la polarizacién por concentracion,

en comparacion con el flujo de permeado con agua pura como alimentacion.

Agua Pura

Joo

Disolucién

AP

Figura 4.5. Comportamiento de la densidad de flujo de permeado en funcion de la presion

aplicada en la filtracion de agua pura y de una disolucion.

La resistencia impuesta por la capa de polarizacién por concentracion depende de las
condiciones hidrodinamicas sobre la membrana, velocidad de la alimentacién, temperatura, y
de la concentracidn de solutos en la alimentacién. Si la presién permanece constante y se
aumenta el flujo de alimentacién, y/o las turbulencias, y/o la temperatura, el flujo limite de
permeado aumentard. Por el contrario, el aumento de la concentracién de solutos en la

alimentacién disminuira el flujo limite de permeado.

4.6. Ensuciamiento y limpieza de las membranas

El ensuciamiento es un conjunto de fendmenos que modifican las propiedades de filtracion de
las membranas y producen la disminucidn continuada del flujo de permeado. Algunas de las
causas del ensuciamiento mds habituales en los procesos con membranas impulsados por un
gradiente de presioén son: el bloqueo de los poros de la membrana (total o parcial), adsorcidn de
solutos sobre la superficie, precipitacién de compuestos en la superficie formando una torta, o
la interaccidn entre los solutos y la membrana [32]. Muchas veces estos fendmenos tienen lugar

de forma simultanea, sin que puedan describirse mecanismos secuenciales de actuacion.
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El ensuciamiento de la membrana puede ser un fendmeno reversible o irreversible. Cuando se
trata de un fendmeno reversible, su efecto puede eliminarse mediante la cesidn de la presidon

transmembranal o mediante un aclarado.

Pero el fendmeno de ensuciamiento de la membrana, a diferencia de la polarizacién por
concentracién, puede ser irreversible, pudiendo eliminarse mediante un lavado de la membrana
o requerir del uso de detergentes o compuestos quimicos, generalmente acidos, bases, biocidas

u otros, segun el tipo de ensuciamiento.

El ensuciamiento y la posterior limpieza de las membranas pueden ocasionar, tras un uso

continuado, la pérdida de permeabilidad y reduccién de la vida util de las membranas [17,19,29].

El disefio y la optimizacidn de los procesos de separacion con membranas debe contemplar la
inclusion de ciclos de limpieza programados y también del equipamiento necesario para la

limpieza de las membranas, que afectan al rendimiento y los costes de la operacién.
La limpieza de las membranas puede ser quimica, fisica o bioldgica.

En la limpieza fisica suele emplearse aire, agua a presidn en contrasentido (retrolavado) o

aplicacion de ondas ultrasdnicas [33].

En la limpieza quimica se hace pasar agentes quimicos (acidos o bases) a través de la membrana.

Es el tipo de limpieza mas frecuentemente empleado. Suele producir a largo plazo un deterioro
de las membranas y la reduccidn de su vida util [34]. Los agentes quimicos reaccionan con los
compuestos que se encuentran depositados sobre la membrana o incrustaciones produciendo

su separacion de la membrana.

En la limpieza bioldgica se utilizan enzimas para regenerar la membrana.

El objetivo de la limpieza de las membranas es restaurar el flujo de permeado inicial de la
membrana, generalmente por encima del 90%, por lo que su tipologia, es decir el agente de
limpieza a utilizar y la forma de operar, asi como la frecuencia de aplicacion, dependera del tipo

de ensuciamiento y del material de la membrana.
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Acido lactico

5.1. Generalidades

El acido lactico fue descubierto en 1780 por el quimico sueco Scheele, quien inicialmente
considerd que era un componente lacteo [1]. En 1789 fue aislado por Lavoisier en la leche agria
y lo denomind con el nombre que posee actualmente. Pero no fue hasta 1857 cuando Pasteur
descubrid que no se trataba de un componente lacteo como se planted inicialmente, sino de un
producto de la fermentacidn generado por microorganismos.

El acido lactico fue el primer acido organico en ser producido a escala industrial en el afio 1880.
En 1881 fue producido comercialmente por Avery [2], y desde entonces su produccion ha
aumentado de forma progresiva con el tiempo.

El acido lactico o acido 2-hidroxipropanoico (CsHsOs) tiene una estructura quimica como la que
se muestra en la Fig. 5.1. El carbono asimétrico le confiere a la molécula dos formas isoméricas
Opticamente activas, las formas D (-) y L (+) del acido lactico; mientras que su forma racémica

estd formada por una mezcla equimolar de ambas [3-5].

COOH COOH
OH _  C—— H H C OH
CH, CH,
L (+) Acido lactico D (-) acido lactico

Figura 5.1. Estructuras quimicas del L (+) y D (-) dcido ldctico.

Tesis Doctoral 65



Span 80: Estudios de extraccidn y caracterizacion

Cada forma isomérica del acido lactico tiene diferentes propiedades debido a su configuracién

espacial, como se puede apreciar en la Tabla 5.1 que se muestra a continuacioén.

Tabla 5.1. Propiedades del dcido ldctico [6,7].

PROPIEDADES VALOR FORMAS ISOMERO
Peso molecular 90,08 g/mol D, L, DL
Punto de fusidn 52,8°C D, L, DL
53°C L
16,8 °C DL
Punto de ebullicién 103 °C D
122 °C DL
Constante de disociacion 1,90 x 10 D
Kaa25°C 1,38 x 10* DL
pKa (25 °C) 3,83 D
3,79 L
3,73 DL

El isémero D (-) acido lactico es téxico en humanos en dosis elevadas [3,7]. En cambio, la
configuracién L (+) 4cido lactico es metabolizada por el organismo humano, por lo que se emplea
esta forma para su uso en industria alimentaria y farmacéutica.

El 4cido L (+) lactico es clasificado por la FDA como una sustancia GRAS, es decir, que puede

emplearse como aditivo alimentario y reconocido como sustancia segura [7].

5.2. Usos y aplicaciones

En los ultimos afios la produccion de acido lactico ha aumentado [8], debido principalmente a
su empleo como materia prima en la produccidn del acido polilactico, un plastico biodegradable
con un amplio espectro de aplicaciones en fabricacion de envases, biomedicina, industrias
agricola y textil, y otros tipos de industrias [9—11].

Las previsiones para el afio 2020 indican que el mercado mundial del acido lactico alcanzara los
3820 millones de délares (frente a los 2650 millones en 2017), lo que corresponde a un

crecimiento anual del 18,6% [12].
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En los préximos aios, los prondsticos estiman que el mercado mundial del acido lactico seguird
aumentando en un 18% o superior entre 2019-2025 [13,14]. Este crecimiento se debe a la
creacioén de nuevas aplicaciones del acido lactico que han surgido debido a nuevos retos, o en la

busqueda de nuevos materiales o aplicaciones debido a las exigencias medioambientales.

El acido lactico tiene numerosas aplicaciones, pero es empleado principalmente en cuatro

sectores: la industria alimentaria, cosmética, farmacéutica y quimica.

e ’ )
INDUSTRIA INDUSTRIA
ALIMENTARIA FARMACEUTICA

ACIDO LACTICO

INDUSTRIA INDUSTRIA
QuiMICcA COSMETICA

- , J

Figura 5.2. Representacion usos comerciales y aplicaciones del dcido ldctico.

e INDUSTRIA ALIMENTARIA

El principal uso del 4cido lactico es en la industria alimentaria [7,15] debido a sus propiedades
como:

e Preservante antimicrobiano y desinfectante

e Intensificador del aroma (saborizante y aromatizante)

e Regulador del pH (acidulante)

e Fortificacidn de minerales

e Antioxidante (conservante)

e Emulsionante

Todas estas propiedades hacen que sea empleado como aditivo alimentario en una amplia gama
de productos: dulces, pan, productos de panaderia, bebidas, sopas, carnes, productos lacteos,
cerveza, mermeladas, jaleas, mayonesa, aceitunas, etc.

En la industria alimentaria se emplea la forma isomérica L (+), ya que, como se ha mencionado,

es la forma asimilable por el cuerpo humano [16].
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e INDUSTRIA FARMACEUTICA Y MEDICA

En la industria farmacéutica es empleado fundamentalmente en la produccién de cosméticos,
cremas, lociones, y preparaciones anti-acné. En el campo médico se destaca fundamentalmente
su aplicacidn en el desarrollo de nuevas prétesis y suturas quirdrgicas.
Algunas de las aplicaciones en estas industrias se indican a continuacién:

e Agente anti-acné

¢ Humectante y emulsionante

e Regulador pH

e Solucién didlisis

e Preparaciones minerales

e Proétesis

e Suturas quirurgicas

e Sistemas controladores de liberacién de fdrmacos

Al igual que en la industria alimentaria, se emplea el L (+) acido lactico debido a su
compatibilidad con el cuerpo humano, y a la tendencia creciente al uso de productos naturales

y biodegradables.

e INDUSTRIA QUIMICA

En la industria quimica el acido lactico es empleado mayoritariamente como:
e Regulador del pH, neutralizador, solvente, agente limpiador
e Produccidon de otros productos quimicos: acetaldehido, acido acrilico, acido

propanoico, 2-3-pentanodiona, etil lactato, acido polilactico (PLA), etc.

El acido lactico es empleado como materia prima en la produccion de muchos productos
quimicos, pero el mas representativo e importante es el acido polilactico (PLA), un polimero
biodegradable derivado del acido lactico que presenta un gran potencial hacia nuevas
aplicaciones o como sustituto de otros materiales.

El PLA surge como una alternativa frente a los plasticos tradicionales derivados del petréleo, al
tratarse de un polimero biodegradable y que puede ser sintetizado mediante fuentes renovables

[17].
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El PLA presenta propiedades de barrera, biocompatibilidad, elasticidad y alta resistencia quimica
y térmica. Esto ha hecho que sea empleado en numerosas aplicaciones y en un amplio rango de
productos, como en la fabricacion de fibras, utensilios, envases, etc. [18].

En el sector de la medicina es empleado como hilo de sutura, en implantes, liberacién de
farmacos y protesis.

La forma O6ptica del 4cido lactico es un factor vital para las propiedades fisicas del PLA,
requiriendo las formas dpticas puras. Por ello, el acido lactico empleado para producir PLA se
obtiene mayoritariamente por la ruta de fermentacién, ya que por la via quimica se genera la
mezcla racémica y confiere diferentes propiedades al PLA [19,20].

El PLA presenta dos formas puras: el poli (L-lactida) (PLLA) y poli (D-lactida) (PDLA). La mezcla
racémica (PLLA y PDLA) presenta la caracteristica de poseer una temperatura de fusién mas alta
gue las formas puras [21,22].

El PLA es sintetizado a partir del acido lactico por polimerizacién mediante diferentes procesos,
como policondensacion, polimerizacion por apertura de anillo y por métodos directos como
deshidratacién azeotrdpica y polimerizacién enzimatica [17,23].

Las técnicas mas empleadas para la produccidn de PLA a nivel industrial son mediante la
polimerizacidn directa y polimerizacion por apertura de anillo [6].

El inicio del PLA tuvo lugar en 1932, cuando Carothers sintetizé PLA de bajo peso molecular y
posteriormente se fue incrementando el peso molecular. Pero su produccion a nivel industrial
se inicié en 1954, cuando la empresa DuPont patenté un PLA de alto peso molecular y, desde
entonces, se empezo su comercializacion [24].

Sin embargo, no ha sido hasta hace unos afios cuando se ha retomado su interés por el empleo

de plasticos mas respetuosos con el medio ambiente.

5.3. Sintesis

El acido lactico puede ser producido mediante la ruta quimica o biotecnoldgica (fermentacidn).
Actualmente, el acido lactico proviene mayoritariamente de la ruta de produccidn fermentativa,

con alrededor del 90% de la produccién mundial [25,26].

La ruta biotecnolégica para la produccidn de acido lactico es la preponderante, debido a que se
considera medioambientalmente mds favorable, utiliza bajas temperaturas en su produccion,
bajos requerimientos de energia, es un sistema de produccion de alto rendimiento, mas rapido

y se consigue una alta pureza [9,11,27-29].
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e RUTA QUIMICA

La reaccién fue descubierta en 1863 por Wislicenus mediante la hidrélisis de cianohidrinas.

La produccién quimica se lleva a cabo mediante la reacciéon de acetaldehido con acido
cianhidrico (HCN) dando como producto el lactonitrilo, el cual puede ser hidrolizado a acido
lactico. Posteriormente, se realiza una purificacién mediante esterificacion con alcohol metilico,
dando lugar al producto lactato de metilo, que es purificado por evaporacién o destilacidn; y
como ultimo paso, se hidroliza con un acido fuerte como catalizador [10].

Como se ha mencionado, esta ruta quimica no es muy utilizada debido a que es mds cara y
compleja que la via biotecnoldgica, ya que la materia prima base es el petréleo, suponiendo un
alto coste econédmico y medioambiental.

Otro de los inconvenientes que presenta la produccion de acido lactico mediante la ruta quimica,
es que se obtiene una mezcla de D (-) y L (+) acido lactico, mientras que la via fermentativa
conduce a la obtencién de una u otra forma isomérica, dependiendo del tipo de microorganismo
empleado en el proceso [5,16,19].

Enlatabla 5.2 y en la Fig. 5.3 se muestra un resumen de las caracteristicas y diagrama de etapas

de la produccién del acido lactico mediante la ruta quimica o biotecnoldgica.

Tabla 5.2. Caracteristicas de las dos vias de produccion del dcido lactico.

PRODUCCION QUiMICA PRODUCCION BIOTECNOLOGICA
MATERIA PRIMA Petréleo y derivados Sustratos naturales ricos en carbohidratos
PRODUCCION Escasa Mayoritaria
RUTAS Reaccién quimica Fermentacion homofermentatlva o
heterofermentativa
ACCION Productos quimicos Microorganismos: bacterias y hongos
COSTE Cara Etapas de separacién y purificacidon suponen
alto coste
RENDIMIENTO Alto Prc?ductos secunc%arlos
Bajas concentraciones
Alto coste Una de las formas puras del acido lactico
CARACTERISTICAS Mezcla racémica: Dy L 4cido Contaminacién por microorganismo
lactico Inhibicién por sustrato o producto
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PRODUCCION PRODUCCION
QuUiMICA BIOTECNOLOGICA

A

RECURSO: BIOMASA

|

A\ 4

RECURSO: PETROLEO

l HIDROLISIS
ACETALDEHIDO + l
AC. CIANHIDRICO AZUCARES
A 4
‘L FERMENTACION
LACTONITRILO Recuperaciéon y
. Nl purificacion
Hidrolisis H,SOs  |—— A
v ISOMEROS PUROS

MEZCLA RACEMICA

Ly D-ACIDO
LACTICO

L-ACIDO LACTICO/
D-ACIDO LACTICO O MEZCLA

Figura 5.3. Diagrama etapas de las vias de obtencion de dcido ldctico.

e RUTA BIOTECNOLOGICA

Se basa en la fermentacién de sustratos naturales ricos en carbohidratos empleando bacterias

u hongos [30].

« BACTERIAS

Las bacterias que suelen emplearse para la produccién de acido lactico son las bacterias acido
lacticas (LAB). Estas son un grupo de bacterias relacionadas que producen acido lactico como
producto metabdlico principal.

Las LAB constituyen un grupo muy amplio de microorganismos que se caracterizan
generalmente por ser Gram positivas, anaerobios facultativos, no esporulados, inmdviles y
catalasa negativa, pertenecientes a los géneros Lactobacillus (Lb), Carnobacterium, Leuconostoc
(Leu), Pediococcus (Pd), Streptococcus (Str), Tetragenococcus, Lactococcus (Lc), Vagococcus,

Enterococcus (Ent), Aerococcus y Weissella [3,28,31].
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Otros géneros empleados en la produccion de acido lactico son el género Bacillus, Escherichia
coliy Clostridium glutamicum, estas ultimas modificadas genéticamente.

El microorganismo mas empleado en la fermentacién del acido lactico a nivel industrial es
Lactobacillus delbrueckii (LAB) debido a que solo produce isémeros L (+), con alta eficiencia en
el consumo de glucosa, y posee baja temperatura dptima de crecimiento. Esto reduce los costes
de enfriamiento y esterilizacidon y no se requiere de procesos posteriores de concentracién y
purificacién.

Hay dos rutas principales para la fermentacién mediante LAB dependiendo de los productos
obtenidos en la fermentacién de los hidratos de carbono: fermentacién homofermentativa o

homolactica y heterofermentativa o heterolactica.

Fermentacion homofermentativa

Las bacterias acido lacticas mediante fermentacién homofermentativa producen como producto
final 4cido lactico a partir de glucosa por la via de Embden-Meyerhof-Parnas (EMP) o glucdlisis.
A partir de un mol de glucosa se obtiene dos moles de acido lactico [32].

Los microorganismos que emplean solo esta ruta se denominan homofermentativos
obligatorios [33]. En esta ruta solo se puede fermentar glucosa y no pueden fermentarse
pentosas o compuestos relacionados [34].

Si se dan situaciones de limitacion de glucosa, pH o temperaturas excesivas, algunos
microorganismos pueden consumir otros sustratos como fuente de carbono y producir acido
férmico por fermentacion mixta [18,32].

Sélo las LAB homofermentativas estdn disponibles para la produccién comercial de acido lactico
[31]. Esto se debe a que el crecimiento de las bacterias mediante esta via es mas rdpido, y

conducen a un producto final de alta pureza con rendimientos altos.

Fermentacion heterofermentativa

Las LAB mediante fermentacién heterofermentativa producen, ademds de acido lactico, varios
productos como etanol, dcido acético y didxido de carbono como productos finales mediante la
via 6-fosfogluconato / fosfocetolasa/ pentosa fosfato [16]. Mediante esta ruta, por cada mol de
glucosa se obtiene 1 mol de 4cido lactico mas otros productos como etanol o diéxido de carbono.
Las LAB que emplean solo esta via metabdlica para la fermentacién de glucosa se denominan

heterofermentativas obligatorias [28].
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A diferencia de éstas, las LAB heterofermentativas facultativas fermentan hexosas por la via

homolactica (via Embden-Meyerhoff) y pentosas y otras sustancias por la heterolactica (via

fosfocetolasa) [33].

Tabla 5.3. Caracteristicas de diferentes rutas de las bacterias dcido Ildcticas [35].

TIPO DE HETEROFERMENTATIVA
FERMENTACION HOMOFERMENTATIVA FACULTATIVA HETEROFERMENTATIVA
Hexosas: Embden- Hexosas: Ruta Embden- Pentosas: Ruta
RUTA Meyerhof
Meyerhof fosfoacetolasa

Pentosas: Ruta fosfoacetolasa

i . Acido lactico, etanol, acido
Acido lactico, etanol, acido ’ !

PRODUCTOS Acido lactico " o acético y didxido de
acético y didxido de carbono
carbono
s . 1 mol acido lactico
RENDIMIENTO 2 moles 4acido lactico/

. . " ‘. . + otros productos

(A partir de 1 mol 2 moles &cido lactico 1 mol acido lactico - -

lucosa) + otros productos (etanol, acido aceticoy
8 P diéxido de carbono)
Enterococcus/
L L L
MICROORGANISMOS Lactobacillus sp. actococcus, actgvum, euconostoc, Qenococcus y
Streptococcus, Pedicoccus, Lactobacillus sp.

Lactobacillus sp.

Viable comercialmente NG viable debido a su alta No viable debido a su alta
ESCALA INDUSTRIAL debido a su alta - produccién de otros
. produccidén de otros productos
selectividad productos

La clasificacién de las LAB como homofermentativas y heterofermentativas se rige por la
presencia o ausencia de las enzimas fructosa-1,6-bifosfato aldolasa o la fosfocetolasa, dos
enzimas clave en la glucdlisis y la via de la fosfocetolasa, respectivamente.

Los microorganismos homofermentativos estrictos solo pueden fermentar los azucares por
glucdlisis debido a que poseen la enzima aldolasa pero no la fosfocetolasa, por lo que no pueden
metabolizar otros azlcares que no sean hexosas.

Los microorganismos heterofermentativos obligados sélo pueden metabolizar hexosas vy
pentosas mediante la via de fosfocetolasa, ya que presentan la enzima fosfocetolasa, pero

carecen de la enzima aldolasa, por lo que utilizan la via de las pentosas fosfato.

Tesis Doctoral 73



Span 80: Estudios de extraccidn y caracterizacion

En cambio, las heterofermentativas facultativas poseen enzimas aldolasa y fosfocetolasa,
comportandose generalmente como homofermentativos frente a las hexosas y
heterofermentativos con las pentosas. Las circunstancias externas como estrés, fuente de
carbono, ésmosis o temperatura, afecta a estas bacterias hacia un comportamiento

homofermentativo o heterofermentativo [16].

Las LAB tienen la cualidad de poder producir una Unica forma pura D (-) y L (+) del acido lactico
o también su mezcla racémica. Esta cualidad depende de la presencia de la enzima lactato
deshidrogenasa (LDH) y de la forma isomérica que presente esta enzima [32—34]. Algunas
bacterias poseen solo un tipo de enzima, produciendo solo una forma D (-) y L (+) del acido
lactico, y otras poseen ambas y producen la mezcla racémica.

A pesar de las ventajas que presenta la produccion de acido lactico mediante la ruta
biotecnolédgica, también tiene algunos inconvenientes o limitaciones. Algunos de los
inconvenientes son el riesgo de contaminacion por otros microorganismos, la inhibicién del
crecimiento por el producto o el sustrato, posible estrés y requerimientos nutricionales [27].

La mayoria de las LAB demandan algunos nutrientes especificos (aminoacidos, vitaminas,
minerales, etc.) para su crecimiento, puesto que carecen de muchas capacidades biosintéticas.
Esto hace que sea mas compleja la recuperacion del acido lactico desde el medio de
fermentacién y aumenten los costos de produccién [3,30,32].

También puede darse inhibicion por parte del sustrato o producto reduciendo el crecimiento y,
por tanto, la productividad. En el caso mds generalizado de inhibicidn por producto, la acidez
del medio debido a la concentracidn de acido lactico produce la inhibicidn de la fermentacion;
por ello, se estudia el empleo de cepas tolerantes a los medios mas acidos [26].

Por tanto, la eleccion de la cepa, del tipo de sustrato y la composicién del medio son factores

primordiales para optimizar el rendimiento de la fermentacion [33].

+ HONGOS

Otro de los microorganismos que pueden emplearse en la produccion de acido lactico mediante
la via biotecnoldgica son los hongos.

Los hongos utilizados en la produccidn de acido lactico son mohos y levaduras que pertenecen
a los géneros Rhizopus, Zymomonas y Saccharomyces.

El principal hongo empleado para la producciéon de acido lactico es la especie Rhizopus (R. oryzae
y R. arrhizus), que ha mostrado grandes ventajas frente a las LAB [19]. Este hongo tiene la ventaja
de producir también un Unico isémero de acido lactico como producto final, pero sin requerir

condiciones de fermentacion tan estrictas como en el caso de las LAB [36,37].
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Al igual que la fermentacién con bacterias, la produccion dirigida hacia una forma de acido
lactico especifica (L (+) o D (-)) depende de la cepa fungica escogida para la fermentacidn.

Uno de los principales problemas que presenta la fermentacién mediante el empleo de hongos
es el tamafio y tipo de micelios. Los micelios en forma filamentosa provocan un aumento de la
viscosidad, reduciendo la transferencia de masa, problemas con la homogeneidad, bloqueo de
sistemas de aireacion, etc. Los micelios en forma granular solventan parcialmente estos
problemas, pero desencadenan otros como restringir la transferencia de masa reduciendo la
velocidad de produccién [5]. Esto provoca un aumento en los tiempos de fermentacion,
aumentan los subproductos formados, y disminuyen los rendimientos en conversion del

sustrato.

La seleccién de los procesos de fermentacion es vital para la produccidon de acido lactico y

dependerd del tipo de sustrato y microorganismo empleado [35].

FORMAS DE OPERACION

Podemos encontrar procesos con fermentaciones discontinuas y continuas. La fermentacion
discontinua o en lotes es el método mds simple y tradicional empleado en la produccién de acido
lactico [32].

Se trata de un sistema cerrado donde se agregan todos los componentes inicialmente y se
trabaja en estado no estacionario durante el tiempo que dura la fermentacion. Con este sistema
de operacidon se obtienen altas concentraciones de producto, pero presenta el inconveniente
del dafio de los microorganismos debido a la acumulacidn de sustrato e inhibicidn por producto
y/o sustrato. Esto supone tiempos de fermentacidon mas largos y la necesidad de trabajar con

bajas concentraciones celulares, que se reflejan en baja productividad [9].

Como alternativa, y para solucionar el efecto de la inhibicidén por sustrato, se ha trabajado con
fermentadores discontinuos alimentados. Esta modalidad implica ciclos repetidos mediante la
inoculacidn de una parte o la totalidad de la carga microbiana en cada uno, de tal forma que se
mejora la productividad debido al aumento de la concentracion de células por la re-inoculacion
en cada lote, a la vez que el reactor se alimenta secuencialmente en cada etapa con sustrato,

resultando la dilucidn del medio y resolviendo la inhibicion por sustrato y por producto.

Presenta ademas las ventajas de aumentar los rendimientos, ahorro de tiempo y alta

concentracion celular [35].
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Otra modalidad es operar de modo continuo, con la cual se consigue mayor productividad y se

solventa también el problema de la inhibicion por sustrato y producto [32].

Enla tabla 5.4 se muestra las ventajas e inconvenientes que poseen cada modo de fermentacion.

Tabla 5.4. Propiedades de los diferentes procesos de fermentacion [35].

MODO FERMENTACION

VENTAJAS

INCONVENIENTES

Fermentacion discontinua o
por lotes

Fermentacion por lotes
alimentados

Fermentacion repetida

Fermentacion continua

Simple

e Alta concentracion de producto

Menor riesgo por contaminacién

e No hay problema de inhibicidon

por sustrato
Alta concentracion de producto

Ahorro de tiempo
Alta productividad
Alta tasa de crecimiento

Alta productividad

e Control tasa de crecimiento

Baja productividad
Inhibicidn por sustrato y
producto

Inhibicién por producto

Dispositivos especiales

No se utiliza totalmente la
fuente de carbono

Baja concentracion de
producto

El acido lactico es un acido organico muy valorado por su amplio campo de aplicacion en la

industria y su potencial como materia prima para la produccién de polimeros biodegradables.

En las ultimas décadas, las investigaciones estan dirigidas a optimizar la produccién de acido

l[actico con la premisa de lograr mayor productividad, rendimientos y bajos costes.

En la produccidn de acido lactico existen fundamentalmente dos grandes problemas. Uno de

ellos consiste en el coste de los métodos de separacion y purificacion y el otro es el coste de los

sustratos empleados como fuente de carbono.

Todos los esfuerzos de investigacién se han centrado en disminuir esos costes mediante la

busqueda de nuevos sustratos, nuevas tecnologias y nuevos microorganismos.
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5.4. Recuperacion y purificacion

Tras la produccién de acido lactico mediante fermentacién, se debe realizar la separacién,
purificacién y concentracién del 4cido lactico obtenido. La purificacion del acido lactico supone

uno de los pasos mas costosos del proceso de produccién [9,16].

Ademas, los procesos de recuperacion y purificacién del acido lactico son complejos a causa de

la alta afinidad del acido lactico por el agua y a su baja volatilidad [38,39].

En el proceso tradicional de recuperacioén, el acido lactico es precipitado como lactato de calcio
como resultado de la neutralizacidn del pH [9]. Esto se debe a que durante la formacién de acido
lactico se produce una bajada del pH, y es necesario afiadir un agente base (hidroxido sédico,
hidréxido de amonio o carbonato de calcio) que produce la formacidn de lactato [40]. El lactato
de calcio es separado mediante filtracidon y posteriormente se procede a la acidificaciéon con
acido sulfarico para producir acido lactico, produciendo a su vez sulfato de calcio insoluble (yeso)
como subproducto [10,38]. El empleo de grandes cantidades de productos quimicos como
agentes neutralizantes, el uso de diversos procesos de separacion y purificacién secuenciales,
asi como la generacion de desechos, supone que la produccidn de acido lactico tenga un elevado

coste econdmico y medioambiental [16].

La recuperacién y purificacién del acido lactico es objeto de investigacion desde hace décadas
con el objetivo de mejorar la concentracion y la pureza de acido lactico en el producto final, asi
como mejorar la economia y la sostenibilidad de los procesos de separacién a aplicar.

Por ello, se han estudiado una gran variedad de procesos de separacion y purificacién del acido
lactico, destacando los que se relacionan en la Tabla 5.5, si bien el empleo de uno u otro método

depende del grado de pureza deseado, el rendimiento y el coste econdmico.
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Tabla 5.5. Procesos alternativos para la separacion y purificacion del dcido Ildctico.

PROCESO VENTAIJAS INCONVENIENTES REFERENCIAS

Alto consumo de productos quimicos
PRECIPITACION Proceso sencillo Generacion de subproducto (yeso) [41]
Baja pureza del producto final

Problemas ambientales

Toxicidad de células por los disolventes
organicos [41]
Bajos rendimientos

Coeficientes de distribucién bajos

EXTRACCION CON  Proceso rapido
SOLVENTES Altas concentraciones

Regeneracion de resinas
ADSORCION Combinable con fermentaciéon Baja vida util [39,42]
Baja capacidad

Alta pureza del producto final

DESTILACION Dificil escalado industrial

MOLECULAR No ?n‘wpleo de solventes Condiciones altas de vacio [43]
organicos
DESTILACION Alto coeficiente de Alto requerimiento energético (41,42]
DIRECTA distribucion Polimerizacién del acido lactico !

Proceso complejo

Aplicaciones limitadas: velocidad de

reaccion alta [41]
Problemas de corrosidn y separacion de

catalizadores

DESTILACION Alta pureza del producto
REACTIVA Bajo consumo de energia

Alta selectividad

. Costoso
Alta pureza del producto final

MEMBRANA Polarizacid i
S Bajo coste energético ° annzau'on por concentracion y [10,39,44]
(UF, NFy Ol) ., ensuciamiento de las membranas
Integracion con otros procesos . o
" Requiere limpieza de las membranas
(procesos hibridos)
CROMATOGRAFIA / Selectivo
INTERCAMBIO Gran capacidad Muestras desalinizadas [44]
IGNICO Proceso rapido
Eliminacion continua Baja selectividad (impurezas)
ELECTRODIALISIS  Menor coste que las resinas ) P [39,42,45]

. . Ensuciamiento de las membranas
de intercambio iénico

De todos estos procesos de separacidon alternativos, los procesos con membranas han
despertado interés debido a su selectividad, su flexibilidad en escala de produccion,
combinacion con otros procesos y reducido coste de inversidn del equipo [10].

Ademas, los procesos con membranas no requieren altas temperaturas ni cambios de fase.

Los estudios realizados durante el desarrollo de esta Tesis Doctoral se centraron en el empleo

de procesos de separacidn alternativos mediante procesos con membranas.
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5.5. Materias primas empleadas

En la produccidn biotecnolégica de acido lactico se utilizan generalmente sustratos puros, como
glucosa, sacarosa (azucar de cafa y remolacha azucarera), lactosa (lactosuero) y dextrosa
(almiddn), siendo los dos primeros sustratos los mas empleados [37,39].

El empleo de estas materias primas como sustrato para la produccién de acido lactico constituye
el 40-70% del coste total de produccion, lo cual supone un gran gasto econdmico [18,46].

Para abaratar estos costes de produccion y emplear otro tipo de sustratos que no compitan con
suministros alimentarios, se ha estudiado el empleo de sustratos alternativos.

Una de las opciones estudiadas es el empleo de sustratos procedentes de fuentes renovables,
como la biomasa procedente de la agricultura o industria alimentaria.

Otra de las alternativas estudiadas es el empleo de otro tipo de sustratos: residuos de madera,
melazas, vinazas, trigo, microalgas, cebada, glicerol, productos lacteos, materiales
lignocelulésicos, etc. [32,35].

Los materiales lignoceluldsicos proceden de fuentes agricolas, forestales e industriales, y lo
integran un grupo numeroso de materiales como bagazo, papel, hierbas, paja, tallos, hojas,
cascaras, etc., constituyendo un sustrato potencial para la produccidn de acido lactico debido a
su alto contenido en polisacaridos. Son materiales renovables, abundantes en la naturaleza,
formados por subproductos y desechos cuyo interés reside en su bajo coste econémico y la
reutilizacion dentro de una cultura de sostenibilidad [9].

No obstante, presentan un inconveniente importante, que consiste en que los azucares no se
encuentran facilmente accesibles para su conversién a acido lactico. Esto se debe a que la
celulosa y la hemicelulosa de la lignocelulosa se encuentran asociados con la lignina, y los
microorganismos que suelen emplearse en la fermentacion presentan falta de enzimas
hidroliticas necesarias para su conversion [16]. El empleo de estas nuevas fuentes de hidratos
de carbono requiere de un pretratamiento de hidrélisis de los sustratos hasta azlcares que

puedan ser fermentables, lo que supone un gasto adicional [46].

Una alternativa que se esta estudiando es el empleo de microalgas como precursores del acido
lactico. Se pretende asi reducir significativamente los costes de la materia prima, ya que
presentan varias ventajas: su produccion es facil, los tiempos de cosecha son cortos, no
requieren de sacarificacién al no contener lignina y presentan un alto contenido de azucares

fermentables [4].
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Capitulo 6

En este primer trabajo se estudia la recuperacion del acido lactico de soluciones acuosas diluidas
mediante membranas de microfiltracién empleando niosomas como agente de extraccién. Los
niosomas se formaron mediante la aplicacién de ultrasonidos a dispersiones acuosas del
tensioactivo no iénico monooleato de sorbitan (Span 80) en presencia de pequefias cantidades

del tensioactivo anidnico dodecil sulfato de sodio (SDS).

El trabajo examina el efecto de las variables asociadas a la composicion del medio
(concentracién de &acido lactico, pH, volumen de fase dispersa y contenido de SDS en los
niosomas) sobre la velocidad de extraccién y el grado de extraccion alcanzado en el equilibrio.
Simultaneamente, se analiza el efecto de estas variables sobre el comportamiento de la
membrana durante la etapa de concentracidn. Los resultados mostraron que los principales
factores que afectan al grado de extraccion del acido lactico son el pH de la dispersion, la
concentracién del tensioactivo SDS en la formulacion de los niosomas, y la relacion molar entre
el SDS vy el 4cido lactico. Las condiciones éptimas de extraccidon se alcanzaron con niosomas
formulados con 20 mol/m3 de Span 80 y 4 mol/m3 de SDS, una relacién molar de SDS y acido
lactico de 0,01, y un pH menor que el pKa del acido lactico. Bajo estas condiciones, el porcentaje

de acido lactico extraido en los niosomas fue del 33%.

La concentracién de la fase dispersa se realizéd utilizando membranas cerdmicas de
microfiltracidn, en concreto se utilizaron discos planos de TiO; con un tamafo de poro de 0,2
pm y se aplicé una presion transmembranal de 0,3 bar. Bajo estas condiciones, el rechazo de la
membrana a los niosomas fue total y la densidad de flujo de permeado fue 26 L/m? h, valor que
se mantuvo constante durante la etapa de concentracion hasta un factor de concentracién en

volumen de 2,5.

Se comprobé experimentalmente que una extraccidn en dos etapas, en el que el permeado de
la primera etapa sirve de alimentacién a la segunda etapa, aumentaba considerablemente, hasta
un 43%, el grado de extraccidn. Este hecho permite inferir la conveniencia de realizar el proceso
de extraccién en multietapas, manteniendo las condiciones dptimas del medio de dispersion en

cada una de ellas.

La reextraccion del acido lactico se realizé mediante adicién de NaOH hasta un pH > 12. Bajo
estas condiciones, se produce la ruptura de los niosomas, liberandose el acido lactico y
alcanzandose su recuperacién como lactato, libre de tensioactivos, en el permeado de

microfiltracion.
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Capitulo 6

6.1. Introduction

Several plant effluents from pharmaceutical, pulp and paper, and petrochemical industries
contain organic acids of low molecular weight, whose recovery may be highly profitable
notwithstanding their low concentration. Among them, lactic acid has a paramount importance
in biotechnology and food industry, where is used as a food preservative, acidulant, flavoring
agent and pH buffer [1,2], and also as a substitute for glycerin in the cosmetics sector. Further
fields of applications, such as the production of biodegradable polymers derivatives of polylactic
acid (PLA), ‘green’ solvents from lactate esters, and fine chemical commodity [3,4] reveal the
potential of lactic acid and its importance on the chemical market. It is usually obtained by
biotechnological fermentation using lactic acid bacteria [5-7] and its recovery from
fermentation broths is mainly made by precipitation with calcium hydroxide or by solvent
extraction [8,9]. Continuous lactic acid removal by membrane-based processes has been shown
to effectively increase lactic acid productivity [10]. Although several organic solvents containing
the tertiary amine alamine 336 [11], the secondary amine Amberlite LA-2 [12], tri-n-octylamine
or tributylphosphate [13,14] have been studied for efficient lactic acid reactive extraction, an

economical method for lactic acid recovery from the fermentation broth is still needed.

Micellar-enhanced ultrafiltration (MEUF) is an alternative process that can be used for organic
acids recovery. The surfactant forms large amphiphilic aggregate micelles when added to
aqueous streams at a concentration higher than its critical micellar concentration (CMC). The
solutes can be retained after being trapped by the micelles, whereas the untrapped species
readily pass through the UF membranes. In previous works we studied the recovery of several
biocompounds including lactic acid and citric acid with SDS (sodium dodecy! sulphate) by MEUF
[15,16]. These processes are considered to be clean technologies as they have the advantages

of large-scale continuous separation without phase change, avoiding the use of organic solvents.

In this work we explore the use of niosomes as lactic acid extraction agents, a new technology
that so far, to our knowledge, has not been explored. Niosomes or non-ionic surfactant vesicles
are formed by one or more surfactant bilayers enclosing an aqueous inside cavity: both
hydrophilic and hydrophobic compounds can be encapsulated inside their core and in the
bilayer, respectively. Niosomes are preferred to liposomes because of their greater chemical
stability, high purity, low cost, content uniformity, and their easy handling and storage [17,18].
Moreover, their large-scale production without using unacceptable solvents is uncomplicated,
so they are widely used in pharmaceutical, cosmetic and, to a lesser extent, food applications

[19-23]. Another advantage for industrial production of these vesicles is the large number of
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non-toxic and relatively low-cost non-ionic surfactants available for niosome formulation [24].
Encapsulation efficiency depends mainly on niosome structure, the nature and size of the
hydrophilic head and the length of the hydrophobic group of surfactants forming the bilayer, pH
and composition of the formulation medium, and the nature of the solute [25-27]. Several
additives can be added to the formulation in order to stabilize the niosomes. Cholesterol is the
most used among them, because of its ability to modify the mechanical strength of the bilayers

and their permeability to water [28,29].

In a recent previous work [30] the effect of different formulations containing Span 80 (sorbitan
monooleate) as the encapsulating surfactant, cholesterol and SDS as membrane modifiers, and
lactic acid as loaded solute has been investigated. Results revealed that SDS acts as a niosome
stabilizer that can be used as a substitute of cholesterol because it increased the zeta potential
absolute value while decreased the particle size. Additionally, SDS also increased the lactic acid
entrapment efficiency, which indicates that Span 80 niosomes modified with SDS can be used as
selective extraction agents for the lactic acid recovery when it is in aqueous solutions at low
concentration. Based in previous results, this work aims to investigate the potential use of
niosomes formulated with Span 80 and SDS as extraction agents of lactic acid in aqueous
solution, and the simultaneous separation and concentration of dispersions using flat-disc
ceramic microfiltration (MF) membranes. Kinetics and equilibrium capacities of niosomes for
lactic acid extraction under different medium conditions are investigated in this work, in order

to achieve acceptable levels of lactic acid extraction from dilute aqueous solutions.

6.2. Materials and methods
6.2.1. Chemicals

DL-Lactic acid (>90% purity, Fluka) was used as solute. The non-ionic surfactant sorbitan
monooleate (Span 80, Sigma-Aldrich), with a hydrophilic—lipophilic balance value (HLB) of 4.3
[23], and the anionic surfactant sodium dodecyl sulphate (SDS, 99%, Sigma-Aldrich), with CMC
value of 8.3 mol/m?3 [15,16], were used in the formulation of niosomes. Other chemicals such as
methanol (HPLC grade, HiPerSolv Chromanorm), maleic acid (>99%, Fluka), phosphoric acid
(>85%, Sigma-Aldrich), disodium hydrogen phosphate dodecahydrate (>98%, Panreac),
potassium dihydrogen phosphate (>99.5%, Merck), sodium hydroxide (analysis grade, Scharlau),
and phenolphthalein (99%, Panreac) were used throughout the experiments. For the
determination of SDS the following chemicals were used: ethyl violet (99%, Sigma-Aldrich),

glacial acetic acid of analysis quality (Panreac), sodium acetate for analysis (Merck), anhydrous
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sodium sulphate for analysis (Scharlau), toluene (>99.5%, AnalarNormapur VWR Chemicals) and

ethylenediaminetetraacetic acid (EDTA, >99%, Sigma-Aldrich).

Ultrapure deionized Milli-Q water (Millipore, USA) was used for the preparation of all solutions.

6.2.2. Niosome preparation

Agueous solutions of single surfactants of Span 80 and SDS were prepared 24 h before their use,
in order to hydrate and relax the carbonated chains of their molecular structures, weighing out
the exact amounts of surfactant on an analytical balance (Sartorius, accurate to + 0.0001 g), and
deionized water addition up to a final volume of 100 cm3. Niosomes were prepared by direct
ultrasonication of 10 cm?® aqueous solutions of Span 80 (20 mol/m?3) and SDS (0, 2, and 4 mol/m?3),
formulated by mixing appropriate volumes of the single surfactant solutions, in round-based
polystyrene tubes, 115 mm in height and 29 mm in diameter, supplied by Labbox (Spain). These
concentrations were chosen on the basis of the previous results obtained in our laboratory
where synergism for lactic acid entrapment was obtained for formulations of Span 80 and SDS

with SDS molar fraction lower than 0.4 [30].

The application of ultrasounds was carried out over a 5-min effective time, with pulses every 5
s (5 sonand 5 s off, 60 cycles; 30% amplitude, 500 W), to avoid overheating of the sample, using
a high-intensity ultrasonic processor (Vibra-Cell VCX 500, Sonics & Materials Inc., USA) equipped
with a 3 mm-diameter titanium alloy bicylindrical probe. The 1 cm skirt at the base of
polystyrene tubes assisted homogeneous probe positioning in all samples. Throughout the
ultrasonication process, the samples were immersed in an ice bath to prevent chemical
degradation. Temperature of the process was lower than 70 °C, well above the gel-liquid phase
transition temperature. Subsequently, the samples were centrifuged (Eppendorf 5804
centrifuge) in 15 cm? polystyrene centrifuge tubes for 45 min at 9000 rpm, in order to remove

traces of metal detached from the probe.

6.2.3. Experimental set-up

Tangential MF experiments were carried out in a Spirlab filtration cell (TAMI Industries, France)
using flat-disc ceramic membranes (INSIDE DisRAM, TAMI Industries, France), with an active
layer of TiO, supported on titania, 90 mm of diameter, and 56.3 cm? of effective area. The system
is equipped with a jacketed feed tank (1 L) where the feed solutions are kept at constant

temperature (20 °C) and stirred at 375 rpm. Feed solution is fed to the filtration cell by a
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peristaltic pump (Masterflex I/s economy drive Cole Parmer, CRS rotor EW-07518-00) at a
prefixed flow rate and pressure. Adjustment of transmembrane pressure (TMP) is achieved by a
needle valve located in the retentate stream. The system is also equipped with a rotameter and

a pressure gauge, both placed at the inlet of the filtration cell [30].

Preliminary tests with Milli-Q water were made to determine the flows obtained at different
positions of the pump rotor. A fixed position of the rotor that provides a water flow rate of 20

L/h was maintained throughout the experiments.

6.2.3.1. Selection of the membrane pore size and working pressure

Three MF membranes of TiO, supported on titanium with 0.14, 0.20 and 0.45 um pore size were
tested. Experiments were carried out with 400 cm? of deionized water to which were added 10
cm? of the dispersed phase containing niosomes formulated with Span 80 (20 mol/m?) and SDS
(4 mol/m?3). The system worked in concentration mode, after a period of 30 min in which the
membrane worked in total recirculation mode and membrane fouling was achieved. The TMP

was 0.3 bar. The permeate flux was determined throughout the concentration process.

In order to select the working pressure, experiments with different TMP (0, 0.3, 0.5, 0.65, and
0.8 bar) were performed with the selected membrane of 0.20 um pore size, using the same feed.
The permeate flux was measured for each TMP after a period of at least 15 minutes to allow

steady state conditions were achieved.

6.2.3.2. Membrane cleaning

Membrane cleaning was accomplished by rinsing with deionized water, followed by washing
with 0.1 N sodium hydroxide solution for 30 min, and then with 0.17 wt% phosphoric acid
solution for 30 minutes. A final rinsing step with deionized water until neutrality was sufficient

to restore the initial water flux of the membrane.

6.2.4. Niosomal extraction procedure

All experiments were carried out using the filtration cell with the selected membrane (0.20 um)
at 20 °C and 375 rpm stirring speed in the feed tank. The TMP was kept at 0.3 bar. The feed was

a 400 cm?solution of lactic acid to which was added a certain volume of the dispersed phase
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containing niosomes formulated with Span 80 (20 mol/m?3) and different SDS concentrations, as
it was described in section 6.2.2. The factors to be studied were the feed lactic acid
concentration (5, 10 and 20 mol/m?3), feed pH (natural and modified by addition of 0.1 N HCl or
0.1 N NaOH up to a set point pH between 2 and 12), volume of the dispersed phase (10, 30, and
60 cm?) added to the aqueous feed, and SDS concentration in the niosome formulation (0, 2,

and 4 mol/m?3). Table 6.1 summarizes the feed conditions of the experiments.

The microfiltration experiments were performed in two consecutive stages as follows.
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Table 6.1. Summary of the feed dispersion compositions. VOw) and Ca%w) are the volume and lactic acid concentration of the continuous phase, whereas V%) and Csps°) are the

volume and the total SDS concentration of the dispersed phase containing niosomes formulated with Span 80 (20 mol/m?) and the indicated SDS concentration. Size (medium

diameter), PDI (polydispersity index) and zeta potential of formulated niosomes are also indicated.

Experiment Vow) £ 2 (cm?3) Ca%w) (mol/m3) pH°w) + 0.01 Vo) (cm?3) Csps’(d) (mol/m?3) Size() (hm) PDl(g) Z-pot(q) (mV)
Experiments at natural pH
1 400 10.65+0.17 2.88 0 0 - - -
2 400 10.19+0.29 291 10z0.1 40x0.1 - - -
3A 400 10.34+0.24 2.80 10+0.1 4.0+0.1 184.50 £ 10.01 0.24 +£0.03 -44.80 + 1.43
3B 400 10.08 + 0.56 2.82 30+£0.2 4.0+0.1 200.10 £ 07.90 0.21+0.01 -45.10+ 2.02
3C 400 10.78 £ 0.37 2.81 60+0.3 40+0.1 188.50 £ 06.35 0.29+0.01 -45.30 £3.26
4A 400 10.98 + 0.55 2.80 10+0.1 20+0.1 219.83 £12.26 0.21+0.01 -44.75 +3.29
4B 400 10.84 £ 0.58 2.82 30+0.2 20+0.1 148.13 £ 07.97 0.21+0.01 -45.40 £ 2.02
5A 400 10.51+0.47 2.83 10+ 0.1 0 158.60 + 05.84 0.23+£0.01 -37.60+1.21
5B 400 10.36 +0.38 2.84 30+£0.2 0 154.97 +03.31 0.14 £0.00 -40.92 +1.19
6A 400 5.37+£0.59 2.83 10+0.1 4.0+0.1 183.15 +0 3.19 0.20+0.04 -38.51+5.16
6B 400 5.28 £ 0.46 2.82 30+0.3 4.0+0.1 213.61 +£05.12 0.21+0.03 -34.62 £3.94
7A 400 20.11 £ 0.56 2.84 10£0.2 4.0+0.1 212.30 £ 10.06 0.15+0.02 -34.91£1.23
7B 400 20.31+0.36 2.81 30+0.2 4.0+0.1 207.51+£07.91 0.20 £ 0.05 -36.89+1.54
Experiments with pH modification
8A 400 10.25 £ 0.05 2.08 10z0.1 4.0+0.1 200.20 £ 03.88 0.30+0.05 -39.70£4.32
8B 400 10.09 £ 0.04 2.08 30+0.2 4.0+0.1 198.90 +0 2.95 0.21+0.02 -38.73+£1.97
9A 400 10.52 £ 0.37 4.05 10z0.1 4.0+0.1 195.23 £ 02.86 0.10+0.01 -39.07 £3.98
9B 400 10.71+£0.55 4.06 30+0.3 4.0+0.1 210.23 +£10.36 0.23+0.10 -42.07 £ 3.96
10A 400 10.31+0.21 6.07 10£0.2 4.0+0.1 202.20 £ 05.79 0.2510.10 -44.55 £ 2.13
108B 400 10.62 £ 0.67 6.06 30+ 0.2 4.0+0.1 206.53 + 08.05 0.27£0.04 -35.16 £ 1.06
11A 400 10.24 £ 0.07 7.95 10+0.1 4.0+0.1 212.93 £ 04.42 0.21+£0.09 -38.41+£1.99
118B 400 10.54 £ 0.50 7.91 30+0.3 4.0+0.1 217.57 £ 03.57 0.29+0.09 -37.61+1.17
12A 400 10.55+0.30 9.63 10£0.3 4.0+0.1 167.20 £ 02.31 0.21+0.07 -39.60 £ 6.08
128B 400 10.37+£0.50 9.67 30+0.2 4.0+0.1 171.79 £ 03.15 0.20+0.10 -44.15+2.34
13A 400 10.06 £ 0.03 12.19 10z0.1 4.0+0.1 208.04 £ 06.96 0.20+0.05 -44.15 £ 3.15
138B 400 10.07 £ 0.08 12.22 30+0.2 4.0+0.1 213.83 +14.36 0.31+0.04 -39.22 £1.59




Capitulo 6

6.2.4.1. Total recirculation mode (1% stage)

The objective of this stage was the study of the lactic acid extraction kinetics and the
determination of the niosomes extraction efficiency at the equilibrium conditions. Experiments
were conducted in constant concentration mode, with total recirculation of permeate and
retentate to the feed tank, starting the operation time with the addition of the dispersed phase.
Permeate samples were collected over time and their lactic acid concentrations were

determined by titration with NaOH, or by HPLC in experiments where the pH was modified.

Results were evaluated in terms of the extraction degree estimated as the molar ratio between
the lactic acid extracted in the niosomes and its total amount present in the initial dispersion. It
was calculated by the mass balance shown in Eq. (1), assuming a two-phases model in which the
total lactic acid concentration in the feed dispersion volume, Vg, is the sum of the fraction
extracted by the niosomes, Cans), and the remained free in the continuous phase that pass
through the MF membrane to the permeate stream, Cap). The equilibrium distribution
coefficient, Pa, expressed as the molar ratio between the lactic acid extracted in the niosomes

and the lactic acid in the continuous phase at the equilibrium time, was determined by Eq. (2).

0 0
Ns)t ViR _ Caw)Viw) Zt-1 Cap)iVip)i-CaptV(pt-1

Ca(
EEpr =" 0
" CawViw)

0 0
Caw)Viw)

Qv \EE
_ “AV(w)EtAeq (2)

A=
CapleaV (Feq

where C° aw) and VO ) are the lactic acid molar concentration and volume of the continuous
phase at time zero, before the niosomes addition, Cap): is the lactic acid concentration in the
permeate sample collected at time t, V(g1 is the volume of the feed dispersion before collecting
the permeate sample at time t, and the summation represents the total moles of lactic acid that
have been removed in the permeate samples before the time t, being V()i the volume of each
permeate sample collected for analysis whose lactic acid concentration is Ca), and EEaeq, Capleq
and V(peq are the lactic acid extraction degree, lactic acid concentration in permeate, and

dispersion volume at the equilibrium time, respectively.
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6.2.4.2. Concentration mode (2" stage)

The second stage aims to evaluate the behavior of the MF membrane during the lactic acid-
loaded niosomes concentration process. Once the equilibrium was reached in the previous
stage, the system continued working in concentration mode, removing continuously the
permeate stream and recirculating the retentate to the feed tank up to a volume concentration

ratio (VCR) around 2.5.

The permeate flux (J,) was calculated throughout the process time by the following equation:

\Y
Jp=—E
t Area

(3)

where V, is the permeate volume collected, t is the process time needed for collecting the

permeate volume, and Area is the membrane effective area.

Assuming a total retention of niosomes by the 0.20 um membrane (experimentally observed, as
explained in section 6.3.1), the degree of lactic acid extracted by the niosomes with respect to
the total amount present in the final retentate (Xans) were calculated assuming the

aforementioned two-phases model, as follows:

Ca(ns)VCR
CA(NS)VCR+CA(p)

(4)

XA(NS)=

where Cans) is the lactic acid extracted in niosomes in the dispersion before starting the
concentration stage, calculated by Eq. (1), VCR is the volume concentration ratio, and Ca, is the

lactic acid concentration in the final permeate.

The SDS concentration, zeta potential, and particle size were also measured in the dispersions
before concentration stage (data not shown) and in the final permeates and retentates after
concentration (data shown in Tables 6.2 and 6.3), following the procedures described in section

6.2.5.
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Table 6.2. Results of MF experiments made at natural pH 0.20 um flat-disc TiO, membrane. SDS/A is the SDS to lactic acid molar ratio in the feed dispersion,
Caeq is the lactic acid concentration in the continuous phase (permeate) at the equilibrium conditions, Pa is the lactic acid equilibrium distribution coefficient
(Eq. (2)), EEaeq is the lactic acid equilibrium extraction degree (Eq. (1)), Ka is the overall volumetric mass-transfer coefficient (Eq. (7)), and R? the coefficient of
determination. SDSvs) and SDSm) are the degree of SDS linked to the niosomes and the membrane, respectively, with respect to the initial SDS content in the
feed. VCR is the volume concentration ratio, J, the permeate flux, Cap)and Cspsp) are the lactic acid and SDS monomer concentrations in the final permeate,
Xans) and Xspsns) are the molar ratio of lactic acid (Eq. (4)) and SDS, respectively, that remain linked to the niosomes with respect to the total amount present

in the retentate after the concentration stage. Size, PDI and zeta potential are the properties of the niosomes in the final retentate.

1% stage (total recirculation mode)

Exp. SDS/A Caeq (mol/m?3) Pa EEpreq (%) Ka (min?) R? Csps,eq X 102 (mol/m3) SDSns) (%) SDS(m) (%)

Niosomes of Span 80 (20 mol/m?) + SDS (4 mol/m?)

3A 0.010 5.92+0.13 0.59 33.01 0.092 0.98 0.32+£0.05 94.94 1.82
3B 0.030 6.27 £0.07 0.38 25.00 0.084 0.98 0.73£0.05 95.12 2.28
3C 0.060 6.78 £ 0.05 0.12 9.58 0.083 0.99 1.07£0.01 94.71 3.23
6A 0.020 3.64+0.11 0.24 18.20 0.121 0.98 0.25+0.01 94.34 2.09
6B 0.060 3.80+0.03 0.13 10.50 0.198 0.96 0.72+£0.01 95.19 2.22
7A 0.005 14.60 £ 0.09 0.12 9.52 0.155 0.99 0.22+£0.01 95.87 2.28
7B 0.015 14.23 +0.12 0.09 7.23 0.092 0.99 0.86 £0.03 94.50 2.42
Niosomes of Span 80 (20 mol/m?) + SDS (2 mol/m?)
4 A 0.010 8.26 £ 0.08 0.10 8.25 0.108 0.99 0.20+£0.01 95.19 1.22
4B 0.020 8.04 £ 0.07 0.07 5.85 0.096 0.99 0.32+£0.02 97.44 1.52
Niosomes of Span 80 (20 mol/m?)
5A 0 8.24+£0.04 0.12 9.31 0.133 0.99 - - -

5B 0 8.30£0.08 0.06 4.72 0.115 0.99 - - -




2" stage (concentration mode)

C x 10% .

Exp. VCR Jp (L/m?h) Cap (MOl/m3)  Xas) (%) (S::‘o"’l /o) Xsoss) (%) Size() (nm) PDI Z-potg (mV)
Niosomes of Span 80 (20 mol/m?) + SDS (4 mol/m?)

3A 2.31 26.00 £ 3.13 5.96 £ 0.07 54.33 0.27 £0.03 99.41 200.80 £ 3.58 0.27 £0.01 -32.31+£2.13

3B 2.58 24.07 £ 6.54 6.31£0.06 47.11 0.83+0.05 99.32 263.41 +13.21 0.27 £0.02 -34.62+1.84

3C 2.24 18.22 +4.61 6.43 £ 0.02 17.22 1.05x£0.04 99.39 195.70+12.41 0.22 £0.03 -41.95+1.61

6A 2.21 27.71 £ 6.87 3.65+0.11 33.75 0.26 £ 0.08 99.63 195.14 +7.12 0.30+0.01 -28.40+5.69

6B 1.92 25.58 £ 7.25 3.80+£0.05 18.75 0.82 £ 0.06 99.74 226.63£9.17 0.15+0.07 -30.91+£3.05

7A 2.76 25.05+7.87 16.11 £ 0.03 21.25 0.14 £ 0.07 99.55 287.50 £ 5.88 0.21+0.05 -26.31+2.87

7B 1.92 22.37+6.74 16.16 £ 0.07 11.52 0.74 £ 0.09 99.37 249.40 £+ 12.26 0.25+0.02 -30.16 £ 0.87
Niosomes of Span 80 (20 mol/m?3) + SDS (2mol/m3)

4A 2.85 28.77+7.71 8.61+£0.04 19.81 0.14 +£0.05 99.47 231.14 £ 4.27 0.34 £0.02 -35.72+2.21

4B 2.04 22.92+541 8.67+0.09 10.57 0.32 £0.08 98.94 216.40+11.04 0.23+0.01 -33.30+4.12
Niosomes of Span 80 (20 mol/m?)

5A 1.85 25.04 £5.13 8.28 £ 0.02 16.11 - - 179.14 £+ 6.35 0.16 £ 0.04 -26.45 +4.59

5B 1.95 23.45+2.64 8.36+0.04 9.05 - - 189.41 +3.79 0.21+0.02 -29.65+ 1.36




Table 6.3. Results of MF experiments made with pH modification using a 0.20 um flat-disc TiO, membrane. The parameters are the same than those

1%'stage (total recirculation mode)

explained in Table 6.2 caption.

Exp  SDS/A Caeq(mol/m?3) Pa EEaeq(%) Ka (min™) R? Cspseq X 102(mol/m3) SDSns) (%) SDS(m) (%)

8A 0.010 7.34+0.13 0.51 31.43 0.1085 0.99 0.29+0.01 96.01 1.01

8B 0.010 7.38+£0.14 0.41 27.80 0.1048 0.99 0.40+£0.03 95.61 1.13

9A 0.010 7.90+0.01 0.42 27.56 0.0984 0.98 0.14+£0.01 96.64 3.19

9B 0.010 8.18 £ 0.08 0.27 18.81 0.0732 0.98 0.28 £ 0.02 95.35 3.40
10A 0.010 7.90 £ 0.05 0.38 25.07 0.0866 0.99 0.15+0.01 95.58 3.96
108B 0.010 7.94 £ 0.05 0.28 20.47 0.1018 0.99 0.28£0.01 94.53 4.10
11A 0.010 8.74 £ 0.05 0.24 18.09 0.1057 0.98 0.14+£0.01 94.89 4.52
118B 0.010 8.75+0.03 0.18 14.68 0.1059 0.98 0.29+0.01 94.01 5.11

12 A 0.010 9.21£0.03 0.17 13.61 0.1022 0.98 0.15+£0.02 93.84 5.48

12 B 0.010 9.22 £ 0.07 0.11 9.37 0.0962 0.99 0.29£0.02 92.97 5.87
13A 0.010 9.87 £ 0.08 - 0.00 - - 1.46+0.12 - 58.11
13B 0.010 9.88 £ 0.07 - 0.00 - - 2.17 £0.09 - 61.08

2" stage (concentration mode)

Exp VCR .lp (L/h mz) CA(p) (mol/m3) XA(NS) (%) CSDs(p) X 102 (mol/m3) Xsos(Ns) (%) Size(,) (nm) PDl(r) Z-pOt(.-) (mV)
8A 3.04 26.65+7.13 7.17 £0.03 57.92 0.27 £0.02 99.43 348.83 £12.58 0.59+0.07 -27.72+1.94
8B 2.24 23.45+6.64 7.37 £0.03 44.77 0.99 £ 0.06 99.18 237.77 £11.98 0.29+0.06 -27.70+2.48
9A 1.89 23.33+2.69 7.95 1 0.05 42.20 0.14 £ 0.07 99.65 251.57 £ 06.14 0.37+0.03 -28.70+3.33
9B 2.24 22.30+1.47 8.09 £+ 0.03 35.94 0.30+£0.02 99.75 295.60 £ 10.76 0.27+0.06 -39.60+ 2.46
10A 1.93 22.88 + 2.85 7.95 + 0.05 39.11 0.14 +£0.01 99.66 322.20+04.94 0.45+0.05 -29.70+6.13
10B 2.27 21.31+2.85 7.92 £ 0.05 37.52 0.32+£0.02 99.73 316.8 £ 09.39 0.45+0.05 -23.70+1.67
11A 2.25 21.31+£5.52 8.74 £ 0.09 31.96 0.14+£0.04 99.66 259.67 £12.58 0.20+0.13 -25.80+7.60
11B 1.92 22.38 +3.18 8.67 £0.02 24.34 0.14 £ 0.07 99.88 289.33 £ 07.57 0.29+0.01 -24.25+5.63
12A  1.63 19.19+4.29 9.20+£0.02 20.21 0.30+0.03 99.32 217.57 £ 03.67 0.29+0.09 -31.20+1.59
12B 1.64 18.12 £+ 5.08 9.21+0.03 14.48 0.16 £ 0.02 99.61 225.83 £ 01.50 0.36+0.09 -39.61+6.08
13A 1.72 19.19+3.77 9.89 + 0.03 - 1.92+0.12 - - - -8.23 +3.04
13B 1.65 17.05+1.57 9.90+0.04 - 247 +0.34 - - - -8.40+2.10
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6.2.4.3. Lactic acid back-extraction

This experiment was designed to study the release rate of the lactic acid extracted in the
niosomes. First, the extraction of lactic acid was carried out. The feed consisted of a 400 cm?
aqueous solution containing 10 mol/m?3 of lactic acid to which were added 10 cm? of dispersed
phase formulated with Span 80 (20 mol/m?3) and SDS (4 mol/m?3). The system was kept under
stirring for 60 minutes at 20°C to reach the equilibrium. Subsequently, the dispersion was fed to
the membrane at TMP = 0.3 bar for 15 min working in total recirculation mode before sodium
hydroxide was added to the feed tank until reaching a pH of 12.2. From that moment, membrane
worked in total recirculation mode and permeate samples were collected during 3 h for lactic
acid concentration determination. The particle size and zeta potential were measured in

permeates and retentates at both pH, under the extraction and stripping equilibrium conditions.

6.2.4.4. Lactic acid extraction by a two-step concentration process

In order to increase the lactic acid extraction process efficiency, a two-step extraction
experiment was conducted using the permeate of the first step as the feed of the second step.
The first step was carried out following the same procedure as previously described, that is the
feed containing 400 cm? of 10 mol/m3 lactic acid solution to which 10 cm? of dispersed phase
was added, was firstly kept under stirring for 60 min at 20°C to achieve the equilibrium, and then
it was concentrated up to a VCR about 2. Subsequently, the permeate was contacted with a
fresh dispersed phase keeping the same volume proportion (about the half of the dispersed
phase volume used in the first step), maintained for 60 min until equilibrium and then
concentrated 3.75 times. The niosomal formulation added was Span 80 (20 mol/m?3) and SDS (4

mol/m?3). Lactic acid concentration was measured throughout the process.

6.2.5. Analytical methods
6.2.5.1. Lactic acid measurement

Lactic acid concentration was measured in the initial aqueous solutions and permeates, both
without niosomes. In experiments performed at natural pH (about 2.8), the lactic acid
concentration was analyzed by acid-base titration with NaOH. In experiments with pH
modification (experiment series 8-13, in Table 6.1), lactic acid concentration was determined by
high performance liquid chromatography using a HPLC Shimadzu with a SCL-10A VP controller,
LC-10AD VP pump, and SPD-M20A diode array. A reverse phase column ACE 5C18 (ACE HPLC
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columns) and a UV-vis detector at 216 nm were used. The mobile phase was a pH 2 aqueous
solution of 0.2 vol% phosphoric acid and 0.16 wt% potassium dihydrogen phosphate with a flow
rate of 1.2 mL/min. Samples were prepared using 1.5 cm? of sample and 30 pL of a 500 mg/L
maleic acid solution which was used as internal standard.; they were measured by triplicate and
the analytical error was lower than + 0.001 mol/m3. Calibration was performed using lactic acid
standards with concentrations between 1 and 16 mol/m?3. The detection limit of the method was
0.005 mol/m3. Cleaning of the column was carried out by washing with deionized water for 30

min, and subsequently with a methanol-water solution (85/15 vol%) for 30 minutes.

6.2.5.2. Determination of free SDS concentration

SDS monomer concentration was determined by spectrophotometry at 615 nm with a Hitachi
U-2000 spectrophotometer, according to the ethyl violet method [31]. The samples were
measured in triplicate in the case of standards, and twice in the case of experimental samples.
SDS concentration was measured in the final permeate and retentate after the concentration
process (2" stage). SDS was also measured in the dispersed phases. For this, a replica of the
dispersed phase used in each experiment was properly diluted with water and measured,
yielding more than 98% of SDS is linked to the niosomes in all formulations used in this work. In
the same way, all dispersions were replicated twice in a thermostated tank to which were
allowed to reach equilibrium, without membrane for one of the two replicas, and with
membrane for the other one, operating in total recycle mode and the same conditions than that
used in the experiments. Samples of the two equilibrium dispersions were collected and SDS

monomer concentrations were measured.

The degree of SDS linked to niosomes (SDSixs)) and SDS adsorbed in the membrane (SDS(m)) were

calculated by the following mass balances:

0 0 0 0
Csbs(a)Vd)-Cspsir,bis) (Vid)*Viw))
SDSnsy = (5)

C3ps(ayVia)

0 0 0 0
_ Csose)Vey-Coste) (Ve *Viw)

_ (CSDS(F,bis)'CSDS(F))(V?d)"’V?W))
0 0 =
Csps(d)V(d)

0 0
Csps(d)V(d)

SDS(m) SDSs) (6)

where C%ps(g) and VOq) are the total SDS concentration and volume, respectively, of the dispersed
phase added, VO, is the initial continuous phase volume, Csps(r,bis) and Csps(r) are the equilibrium
SDS monomer concentrations in the feed dispersions without membrane, and with membrane,

respectively.
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The degree of SDS that remained linked to the niosomes after the concentration stage with
respect to the total amount present in the final retentate (Xsps(ns)) Was calculated using the same
mass balance of Eq. (4) where Cspsns), calculated by mass balance from Eq. (5), and the
experimental value of SDS concentration in permeate, Cspsp), must be used instead Cans) and

Cap), respectively.

6.2.5.3. Particle size measurement

The particle size distribution, the mean hydrodynamic diameter and the polydispersity index
(PDI) of the samples were measured by dynamic light scattering (DLS) using a Zetasizer Nano ZS
apparatus (Malvern Instruments Ltd., UK). The apparatus was equipped with a He-Ne laser
emitting at 633 nm and with a 4.0 mW power source. It was set for backscattering detection at
a scattering angle of 173°. Samples (2 cm3) were diluted 1:100 to avoid multiple scattering
effects and filtered with 0.45 um Minisart RC 15 filters. Measurements were performed in

DTS0012 square disposable polystyrene cells at 20 °C.

Three replicates, each of 20 runs, were performed for each sample. The values shown in the
tables are the average value of the 3 replicates with the relative measurement error. The PDl is
a dimensionless measure of the width of the size distribution ranging from 0 to 1, a higher value

being indicative of a broader distribution of particle size [32].

6.2.5.4. Zeta potential measurement

Zeta potential measurements were conducted with the aforementioned Zetasizer Nano ZS
apparatus, using the Laser Doppler Velocimetry technique. They were performed on the same
sample previously prepared to measure the particle size, but using the appropriate DTS1061
disposable folded capillary cell equipped with electrodes to allow the passage of electric current
and the movement of the particles according to their charge. Zeta potential is calculated using
Henry’s equation and the Smoluchowski approximation, which considers that the double layer
thickness is much smaller than the particle size [33]. Six replicates of 11 measurements were
performed for each sample at 20 °C. Figures and tables show average values of the 6 runs with

the relative measurement error.
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6.2.5.5. pH measurement

The pH was measured at 20 °C using a Crison GLP 22 pH-meter fitted with a Crison 52-02 glass

pH electrode, with an error of £ 0.01 pH units.

6.2.5.6. Morphological analysis

Morphological analysis of niosomes was performed by negative staining transmission
electron microscopy (NS-TEM), using a JEOL-2000 EX-Il TEM operating at 160-180 kV, with an
image resolution of 1 nm, located at the University of Oviedo (Spain). A drop of the selected
niosome formulation was placed on a carbon-coated copper grid, and the sample excess was
removed using a piece of filter paper. Then, a drop of phosphotungstic acid solution (2% w/v)
was applied to the carbon grid and left for 2 min. Once the excess of staining agent was removed
by absorbing with the filter paper, the sample was air-dried and the thin film of stained niosomes

was observed by TEM.

6.3. Results and discussion
6.3.1. Membrane pore size and transmembrane pressure selection

Fig. 6.1 depicts the permeate flux obtained in the microfiltration tests of niosomes in water
dispersions, using the three 0.14, 0.20 and 0.45 um pore size membranes, under the conditions
described in section 6.2.3.1. Niosomes were formulated with Span 80 (20 mol/m?3) and SDS (4
mol/m?3). The results reveal an initial permeate flux decrease, followed by a constant permeate
flux for the 0.14 and 0.20 um pore size membranes which is associated with concentration
polarization; however, a greater flux was obtained with the 0.20 um membrane, as a
consequence of small differences in membrane permeabilities. Concentration polarization is
caused by the accumulation of retained solutes such as surfactant monomers, micelles, and
niosomes, on the membrane surface. Differently, 0.45 um pore size membrane shows a
progressive decline of permeate flux indicating fouling, maybe due to adsorption processes of

surfactants inside its larger pores.
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Figure 6.1. Variation of permeate flux with the volume concentration ratio (VCR) for
microfiltration of niosomes in water dispersions using flat-disc ceramic membranas with
different pore size. TMP = 0.3 bar, T =20 C, V4/V.w = 10/400. Niosomes formulation: Span 80
(20 mol/m?3) and SDS (4 mol/m?3).

Particle size measurements in the water dispersions shown in Table 6.1 reveal the presence of
niosomes with sizes ranging from 170 to 220 nm and PDI lower than 0.31 that were consistent
with those obtained in a previous work [30]. Niosomes formation in the dispersed phase and
morphology were confirmed by TEM measurements. Fig. 6.2 shows two negative stain
micrographs for niosomes obtained by 5 min of ultrasounds on formulations of Span 80 (20
mol/m3) and SDS (4 mol/m?3) in deionized water. Dark structures shown in these micrographs
correspond to spherical niosomes, with diameters ranging from 160 to 200 nm, which agrees
with sizes measured by DLS shown in Table 6.1. Size values obtained in permeates indicated the

absence of particles in them.
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(@)

Figure 6.2. TEM micrographs of niosomes obtained by ultrasonication (5 min) of Span 80 (20

mol/m?3) and SDS (4 mol/m?) in aqueous solution. Scale bars: (a) 50 nm, and (b) 0.2 Im.

Zeta potentials of dispersions shown in Table 6.1 are between —45 mV and —35 mV indicating
the presence of negatively charged particles. Zeta potential values of permeates (not shown)
were similar to those obtained for water (= 0 £ 6 mV) corroborating the absence of particles in
permeates. The pH of the niosomes in water dispersions was slightly higher than 6, superior to
the isoelectric point (IEP) of the membrane which is about 6.4.1 in demineralized water [34],
therefore the membrane surface is negatively charged and the electrostatic repulsions with the
niosomes also negatively charged may explain the results of 100% niosome rejections obtained
with the three membranes. However, the higher flux obtained with the 0.20 um pore size
membrane, as shown in Fig. 6.1, was the reason to select this membrane for the following

experiments.
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Figure 6.3. Permeate flux variation with the TMP for niosomes in water dispersions using the

0.20 um pore size membrane. T = 20 °C, V4/Vw = 10/400. Niosomes formulation: Span 80 (20
mol/m3) and SDS (4 mol/m?>).

Fig. 6.3 shows the permeate flux values versus the TMP for pure water and niosomes in water
dispersion using the 0.20 um membrane. The experimental conditions are described in section
6.2.3.1. A lower increase in permeate flux was observed as TMP increased for MF of the
niosomes in water dispersion, due to the formation of a concentration polarization layer, mainly
consisting of free surfactant monomers that can reach micellization conditions. The applied
pressure increases the concentration of species on the membrane surface, and also the
resistance to the permeation. A pressure increase causes the compression of the species
deposited layer and the flux-pressure relationship becomes non-linear [35], which indicates the
occurrence of concentration polarization phenomenon. A pronounced curvature is observed in
Fig. 6.3, achieving a plateau when the pressure is around 0.5 bar. A TMP of 0.3 bar, which
provides values close to the limiting flux, was selected for the following experiments. The
accumulation of the micelles on the membrane can continue until a gel layer (with C,
concentration) is formed yielding a zero permeate flux. For the anionic surfactant SDS, C; has
been reported to be 737 and 708 mol/m?3 for ultrafiltration using 1 and 5 kDa cellulose acetate
membranes, respectively [36]. The low SDS concentration used in this work made it unlikely that
gelation conditions were met. Furthermore, taking into account the CMC value of SDS [15,16]
and the low HLB of Span 80 [23,37]; it is highly unlikely the presence of Span 80 monomers in
the dispersion, but not of SDS monomers that may bind to the membrane surface and pore walls

through its polar head increasing the membrane hydrophobicity and reducing the permeate flux.
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6.3.2. Lactic acid extraction with niosomes
6.3.2.1. Effect of the SDS concentration in the formulation of niosomes

Fig. 6.4 compares the lactic acid extraction kinetic curves in experiments with 400 cm?® of
aqueous solutions with 10 mol/m?3 of lactic acid at its natural pH, to which 10 cm? of a dispersed
phase containing niosomes formulated with Span 80 (20 mol/m3) and different SDS
concentration (0, 2 and 4 mol/m3) (experiments 3A, 4A and 5A in Table 6.1) were added.
Experiments were performed as described in section 6.2.4.1. Extraction degrees over time were
calculated by Eq. (1). For comparison, lactic acid extraction degrees in absence of niosomes
(experiments 1 and 2 in Table 6.1) are also depicted in Fig. 6.4 showing, as it was expected, that
no extraction occurred in the absence of niosomes. Fig. 6.4 also shows that equilibrium was
achieved after 30-40 minutes, but significant differences between the systems studied were
observed. The highest extraction degree was achieved with the niosomal formulation of 4
mol/m3 SDS, being much better than the other formulations. As it was observed in a previous
work [30], the SDS is associated with Span 80 in the bilayer of niosomes through links of
hydrophobic character and acts as a modifier of the niosomal bilayer affecting in greater or
lesser extent the entrapment of the lactic acid by these structures. The lactic acid presence in
these experiments leads to pHs around 2.80, that is lower than its pKa (pKa = 3.86 for lactic acid
[38]) and therefore the protonated form of the lactic acid is the main species. Under these
conditions, the increased lactic acid extraction of 4 mol/m3 SDS niosomal formulation may occur
due to the complex formation at the external interface of niosomes by hydrogen bonds between
the SDS adsorbed in the niosome bilayer and the lactic acid protonated species [30]. This
extraction mechanism could explain the lower extraction obtained by niosomes formulated with
2 mol/m?3 of SDS, due to the lower capacity to complex formation with the lactic acid. Besides, a
similar equilibrium extraction degree of lactic acid for system containing niosomes without SDS
and with 2 mol/m3 SDS was obtained. Results of Fig. 6.4 reveal that the synergistic effect of the

lactic acid extraction depends on the niosomal formulation.

Kinetic data were fitted to the following mass transfer equation:

dCa(p)
‘—gtp -=Ka <CA(p)t'CA(P)EQ) (7)

where Ka is the overall volumetric mass-transfer coefficient referred to the aqueous phase, and
Ca(p)eq represents the lactic acid concentration of the continuous phase in equilibrium with the

dispersed phase. Integration of Eq. (7) between the initial (Cap=0) and equilibrium conditions
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(Capleq) allows to obtain Ka values as the slope of the linear equation In((Cap): — Ca(p)eq)/ (Capyt=0 —
Ca(pleq)) Versus time for each system. Values of Ka, along with the coefficient of determination
(R?) are shown in Table 6.2. Kinetic curves calculated with the Ka coefficients are shown in Fig.
6.4 where good agreement between the calculated (lines) and experimental (symbols) values is

observed.

50

B NS without SDS (exp. 5A)
45 1| @ NS with SDS (2 mol/m3) (exp. 4A)
@ NS with SDS (4 mol/m3) (exp. 3A)
A SDS alone (exp. 2)

35 1 X Without dispersed phase (exp.1)

t (min)

Figure 6.4. Effect of niosomes formulation: Span 80 (20 mol/m3) and SDS (0, 2, and 4 mol/m?)
on the lactic acid extraction kinetics. Symbols: experimental values. Lines: calculated values.

TMP = 0.3 bar, T =20 °C, 10 mol/m? initial lactic acid concentration, V4/V, = 10/400.

6.3.2.2. Effect of the volume of the dispersed phase

Fig. 6.5 depicts the kinetic curves obtained in experiment series 3, 4 and 5 of Table 6.1, where
different volumes of the dispersed phase formulated with Span 80 (20 mol/m3) and SDS (0, 2
and 4 mol/m?3) were added to 400 cm? of aqueous solution with 10 mol/m? of lactic acid. It is
observed for all formulations a significant decrease in the lactic acid extraction degree as the
volume of dispersed phase increases. Equilibrium extraction degrees of lactic acid (EEa.eq ), and
equilibrium distribution coefficients (Pa) are shown in Table 6.2, where the greatest value
corresponds to the experiment with 10 cm? of dispersed phase. Kinetic curves calculated by Eq.
(7) and Ka values shown in Table 6.2 are also depicted in Fig. 6.5, where good agreement is

observed.
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Figure 6.5. Effect of the dispersed phase volume (V,) added to the feed on the lactic acid
extraction kinetics. Symbols: experimental values. Lines: calculated values. TMP = 0.3 bar, T =

20 “C, 10 mol/m? initial lactic acid concentration.

Taking into account that the dispersion pHs are slightly higher than the acidic dissociation
constant of SDS (pKa is around 2.3 for SDS [39]), the EEaq decrease as increasing the volume of
dispersed phase added to the feed solution can be explained as a consequence of the
competition between the sodium counterions of the SDS dissociated form and lactic acid
protonated species, resulting that the excess of sodium counterions is unfavorable for the lactic

acid extraction by hydrogen bonds.

6.3.2.3. Effect of the lactic acid concentration in feed

The effect of the lactic acid concentration in the continuous phase is also relevant on the
extraction kinetics and the extraction capacity of niosomes. Fig. 6.6 compares systems with 5,
10 and 20 mol/m?3 of lactic acid in the continuous phase and two dispersed phase volumes (10
and 30 cm?) of identical formulation: Span 80 (20 mol/m?3) and SDS (4 mol/m3) (experiments A

and B in series 3, 6 and 7 in Table 6.1).
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Figure 6.6. Effect of initial lactic acid concentration in the feed tank on the lactic acid extraction

kinetics. Symbols: experimental values. Lines: calculated values. TMP = 0.3 bar, T=20 .

It is observed that the greatest extraction degree was obtained for the system of 10 mol/m? of
lactic acid concentration (experiment 3A). Conversely, systems with 5 and 20 mol/m?3 of lactic
acid reached significantly lower extraction degrees. These results reveal that there is an
optimum SDS to lactic acid molar ratio (SDS/A). In our case, into the range of SDS and lactic acid

concentrations studied, such optimum corresponds to a SDS/A ratio of 0.010.

Table 6.2 shows the equilibrium (Paand EEa.q) and kinetic (Ka) parameters for systems made at
natural pH. It is observed in Table 6.2 that Paand EE«q are lower for SDS/A ratio values far from
0.010. Several authors [40-42] studied the recovery of metals by micellar-enhanced
ultrafiltration (MEUF) using SDS as surfactant. They reported that the surfactant concentration
and the surfactant to metal molar ratio (SDS/M) are the two important control parameters for
metal removal efficiency. At their regard, the surfactant concentration has to be higher than the
CMC of the surfactant, and SDS/M ratio has to be higher than 5. Such conditions are very
different from those required in the niosomal extraction of lactic acid made in this work,
disclosing that the SDS concentration used in this work is much lower than its CMC, and the

optimum SDS/A ratio is also much lower than 5.
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Very different results were also obtained in a previous work [16] for the recovery of lactic acid
and citric acid from aqueous solutions by MEUF using SDS. In that work, the acid retention
depended upon the SDS concentration, however it was unaffected by the initial acid
concentration or the presence of another acid. The best results were obtained with 80 mol/m3
of SDS in the feed solution at natural pH, greater than approximately 150 times the SDS
concentration used in this study, with lactic acid extraction degrees of 48% by MEUF, and 33%

in experiment 3A of this work.

6.3.2.4. Effect of pH

The effect of pH was studied in experiment series 8—13 of Table 6.1 where kinetic studies were
carried out as described in section 6.2.4.1. Niosome formulation was Span 80 (20 mol/m?3) and
SDS (4 mol/m3), the concentration of lactic acid in the continuous phase was 10 mol/m?3 for all
experiments, and the volume of the dispersed phase was 10 and 30 cm?3. The pH was modified
by the addition of HCI 0.1N (experiment series 8) or NaOH 0.1 N (experiment series 9—-13). The
extraction kinetic curves are shown in Fig. 6.7 where good agreement between the experimental

(symbols) and calculated (lines) values is observed.
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Figure 6.7. Effect of the feed pH on the lactic acid extraction kinetics. Symbols: experimental
values. Lines: calculated values. TMP = 0.3 bar, T = 20 °C, 10 mol/m? initial lactic acid

concentration.
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Kinetic and equilibrium parameters are shown in Table 6.3. A decrease in the equilibrium data
of EEaeq and P was obtained as pH increased. As it was previously observed, lower extraction
degrees were obtained with 30 cm?® of the dispersed phase. Systems at pH 12.2 (experiments

13A and 13B) showed absence of lactic acid extraction.

Besides, as depicted in Table 6.3, experiments at pH 12.2 showed error in the particle size
determination due to the very few particles counted by the equipment. Equilibrium dispersions
of these experiments at pH 12.2 showed very low zeta potential absolute values, indicating the
breakup of the niosomes. This fact suggests that these conditions can be used in back-extraction
process for the recovery of lactic acid entrapped in niosomes, studied in section 6.3.4 of this

work.

As the lactic acid has a pH-dependent dissociation in aqueous phase, the concentration of
protonated ([HL]) and anionic ([L]) species of lactic acid were calculated by Egs. (8-10). Lactic
acid concentrations in the continuous phase and pH, both at the equilibrium conditions, are

reported in Table 6.4.

Caw)=[L Jw)+[HL]w) (8)
___ Caw

[HL] (W)_ 1+10(PH'Pk3) (9)

1 —_ Caw

[L ](W)_ 1+10(pka—pH) (10)

The affinity of the niosomes by the different lactic acid species can be represented by the

following equilibrium equations [15,43]:

[HL(ns)

= 11
HL™ sy [HL (1)

Sins)tHLw) <= Hlns)

[(LTns)

=) 12
L Csens) (LT w) (12)

Sins) L w) < Lns)

where the subscripts (NS) and (w) refer to the niosomal and continuous phases at equilibrium
conditions, respectively, and Cgsns) is the total surfactant (Span 80 and SDS) concentration in the
feed dispersion (0.5856 and 1.6741 mol/m3 for 10 and 30 cm? of the dispersed phase added,

respectively).
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Taking into account that the total concentration of lactic acid in the dispersed phase is the sum
of the concentration of both species, [HL]ns) and [L]ns), the replacement of Egs. (11) and (12)

into Eq. (1) leads to the following expression:

EEA,eq Cg(w)v?w) -
——— =K HL| +K;- |[L 13
CS(NS)V(F)eq HL [ ](w) L [ ](w) ( )

The equilibrium coefficients Ky and K- were determined by fitting of the experimental data
(shown in Table 6.4) to the Eq. (13) using the Marquardt algorithm and the MicroMath Research
Scientist software. Ky and K- values are shown in Table 6.4, along with the coefficient of

determination (R2).

Table 6.4. Equilibrium values of pH and lactic acid concentration Caw)eq in the continuous phase
(permeate), being [HL]w)eq and [L]w eq) the relative concentrations of each species in the
aqueous phase at the equilibrium conditions. Ky, and K- are the equilibrium coefficients of each

species calculated by Eq. (13), and R? the coefficient of determination.

Exp. PHeq (nf:)(;})::‘") [HUweq(%) [Llweq(%) Ku (mol/m3)? Ki-(mol/m?3)? R? Kun/Ki-
Volume of dispersed phase = 10 cm?
8A 2.09 7.34 98.34 1.66 0.91+0.10 0.41+0.01 0.98 2.22
9A 4.04 7.90 39.97 60.03
10A 6.15 7.90 0.51 99.49
11A 7.95 8.75 0.01 99.99
12A 9.63 9.20 0.00 100
Volume of dispersed phase = 30 cm?
8B 2.08 7.38 98.38 1.62 0.24 +£0.02 0.11+0.01  0.99 2.18
9B 4.05 8.18 39.05 60.95
10B 6.11 7.94 0.56 99.44
11B 7.91 8.75 0.01 99.99
12B 9.68 9.21 0.00 100

It can be observed that Ky, and K- values depend on the dispersed phase volume, being
significantly higher in the case of lower concentration of niosomes (10 cm? of dispersed phase);
however, the Ky /K- ratio is slightly higher than 2 in both cases, indicating that the affinity of the
SDS-modified niosomes to extract the lactic acid protonated species (HL) is at least twice than

their affinity for the anionic species (L’).

Tesis Doctoral 113



Lactic acid recovery by microfiltration using niosomes as extraction agents

The results of Fig. 6.7 can be explained by considering that at pH > pKa of lactic acid, the lactic
acid extraction efficiency decreases as a consequence of the lower concentration of lactic acid
protonated species that are able to bind to the niosomes by hydrogen bonds with the SDS
adsorbed in them. Besides, a decreasing degree of SDS linked to niosomes (SDS(s)) as the pH
increases is observed in Table 6.3, indicating some SDS desorption. Conversely, at pH 2
(experiment 8A) an excess of hydrogen cations are present in the medium and formation of
hydrogen bonds between the SDS adsorbed in niosome surface and lactic acid protonated
species is favored. In this regard, comparison of kinetic and equilibrium parameters shown in
Tables 6.2 and 6.3 between the experiment 3A (at natural pH 2.8) and 8A (at pH about 2.1
modified with HCI addition) hardly show differences. These results justify that the extraction

process with niosomes must be done at a feed pH lower than the pKa of lactic acid.

6.3.3. Effect of the feed composition on the membrane behavior during the concentration

stage

In the 2" stage described in section 6.2.4.2, the MF experiments were performed in
concentration mode, after the equilibrium between the continuous and dispersed phases was
reached, and the permeate flux was measured over time until a certain VCR was obtained. Fig.
6.8 shows the permeate flux in experiments made at natural pH with 10 cm? of dispersed phase.
No differences between deionized water flux and permeate flux for lactic acid aqueous solution

without dispersed phase (experiment 1 in Table 6.1) is observed.
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Figure 6.8. Permeate flux vs. volume concentration ratio (VCR) during the concentration stage

in experiments at natural pH. TMP = 0.3 bar, T=20 <.

For all systems with dispersed phase it is observed that the permeate flux remains constant
indicating no membrane fouling; however, permeate flux values lower than that of water were
obtained due to concentration polarization phenomena. The pH of these experiments was about
2.8 (Table 6.1), and electrostatic interactions between the negatively charged niosomes, as
indicate the negative zeta potential values reported in Table 6.2, and the positively charged
membrane surface occur. The pH is slightly higher than the pKa of the SDS, and interactions
between the SDS monomer anionic species and the membrane are also favored. As shown in
Fig. 6.8, the permeate flux in experiment 2, where only SDS surfactant was used as dispersed
phase, was slightly higher than the obtained in experiments 5A and 3A, where niosomes without
and with SDS were used, indicating that both SDS monomers and niosomes contribute to the
concentration polarization layer. The permeate flux decrease when the dispersed phase volume
increased, as shown in Table 6.2, reveals a more severe concentration polarization that can be
attributed to the increased concentration of both species, niosomes and SDS monomers, in the
stagnant layer. Values of the SDS fraction linked to the niosomes (SDSs)), and SDS adsorbed on
the membrane (SDS(m)), calculated as described in section 6.2.5.2., are shown in Table 6.2. It is
observed that 94-96% of the SDS added in the dispersed phase is linked to niosomes at the
equilibrium conditions, and 2-3% was adsorbed in the membrane or in the concentration
polarization layer, being partially responsible of flux decline. The mass balance error, considering

the SDS fraction linked to the niosomes, the SDS monomers fraction collected in permeate
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samples during the first stage, and the SDS fraction analyzed in both, the final permeate (shown
in Table 6.2) and final retentate (same value than the final permeate) after the concentration

stage, was lower than 1.5%.

Particle size values in the equilibrium dispersion (not shown) were practically identical to those
obtained in the final retentate after concentration (shown in Table 6.2), indicating that the size
of the niosomes is maintained throughout the concentration process. This fact suggests that the
load of lactic acid extracted in the niosomes was kept during the concentration stage, and
consequently also the amount of SDS linked to the niosomes, which justifies the validity of Eq.
(4) and Xans) and Xspsins) values provided in Table 6.2. The best result was obtained for systems
at pH 2 and SDS/A ratio of 0.010 (experiment 3A), where Xans) = 54.33% and Xspsins) = 99.41% for

a VCR = 2.31 was obtained, with a constant permeate flux of 26 L/m? h.

Zeta potentials in permeates were very low (about —8 mV) corroborating the absence of
niosomes in permeates, which indicate that 100% niosomes rejection was kept through the
concentration stage. However, zeta potentials in the final retentates (shown in Table 6.2) were
somewhat lower than those in the equilibrium feed, before the concentration stage (not shown),
indicating a slightly increased instability due to the greater concentration of particles in

suspension.

Fig. 6.9 depicts the permeate flux obtained during the concentration stage for systems with pH
modification and 10 cm? added of an identical dispersed phase. It is observed a lowering flux as
the pH increases, which indicates a more severe concentration polarization. In this regard, it
must be considered that the sodium cations addition to increase the dispersion pH partially
neutralizes the negative charge of the membrane when the pH is higher than 4.1 (the IEP of the
membrane), facilitating the accumulation of species on the membrane surface. Furthermore,
the increased SDSm) values shown in Table 6.3 as the pH increases indicate that SDS monomers
that remain free in dispersion (not linked to the niosomes) are the main responsible for the

permeate flux decline above the isoelectric point of the membrane.
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Figure 6.9. Permeate flux vs. volume concentration ratio (VCR) during the concentration stage

in experiments with feed pH modification. TMP = 0.3 bar, T =20 %, 10 mol/m? initial lactic acid

concentration, V,/V,, = 10/400.

At pH 12.2 (experiments 13A and 13B) permeates and retentates yielded erroneous particle size

measurement values (due to a very few particles counting), which indicates the absence of

niosomes. The low zeta potential absolute values of these retentates corroborate the breakup

of the niosomes at pH > 12. This fact is consistent with the absence of lactic acid extraction

shown in Fig. 6.7 for systems at pH 12.2. Besides, the high fractions of SDS monomers associated

to the membrane (SDS;m) of 58% and 61% in Table 6.3) are consistent with the lowest fluxes

obtained during the concentration stage. As the breaking of niosomes was tested, the mass

balance of Eq. (5) applied to systems 13A and 13B yielded that a 27% and 31%, respectively, of

SDS was forming SDS—Span 80 mixed micelles, instead of niosomes, dispersed in solution.

6.3.4.

Lactic acid back-extraction process

Based on the results obtained at pH 12.2, the lactic acid back-extraction kinetic was studied at

this pH. After the equilibrium with the dispersed phase at natural pH was reached, the pH was

modified by addition of NaOH up to pH 12.2 following the procedure described in section 6.2.4.3.
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The kinetic data for the back-extraction process were fitted to the following mass transfer

equation:

dCapyt _ ( ) )
a2 (Capreq Cap 14

where Kap, is the overall volumetric mass-transfer coefficient of the back-extraction process
referred to the aqueous phase. Integration of Eq. (14) between the initial (Cap)=0) and
equilibrium (Capjeq) conditions allows to obtain the Kay, value as the slope of the linear equation

In((Catprea = Capit-0)/ (Caipreq — Caipiy)) versus time.

Results of the EExp throughout process time are depicted in Fig. 6.10. It is observed that after
20 min, the lactic acid extraction degree is zero, indicating that all the lactic acid extracted in
niosomes has been released as sodium lactate. A Ka, of 0.128 min? (R? = 0.98) allowed

calculating the kinetic curve with a good agreement, as shown in Fig. 6.10.

35

EE, . (%)

0 20 40 60 80 100 120 140
t (min)

Figure 6.10. Kinetics of lactic acid back-extraction at pH = 12.2. Symbols: experimental values.

Lines: calculated values. TMP = 0.3 bar, T=20 <.
Fig. 6.11 shows the zeta potentials of permeates and retentates before (pH 2.94) and after the

back-extraction process (pH 12.35). As expected, significant differences in the retentates

indicate the breaking of niosomes at pH > 12.
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Figure 6.11. Zeta potential values in the extraction and back-extraction stages.

6.3.5. Lactic acid extraction in a two-step process

Due to the moderate lactic acid extraction degree obtained for the best conditions (33% for
experiment 3A, as shown in Table 6.2), it was considered adequate the study of a two-step
process to check the increased efficiency of the lactic acid extraction. The study was conducted
by two consecutive steps where the permeate obtained in the first step was used as the feed of
the second one, as described in section 6.2.4.4. The lactic acid concentration in the 400 cm? of
the initial aqueous phase was 12.66 mol/m3; 10 cm? of dispersed phase was added and the
SDS/A molar ratio was 0.008, reaching a EEa eq 0f 32.86%. Then, the dispersion was microfiltrated
until VCR = 2 with a constant permeate flux of 25.8 L/m? h. The permeate obtained in the first
step, with a lactic acid concentration of 8.20 mol/m?3, was contacted again with 5 cm?® of a fresh
dispersed phase yielding a SDS/A molar ratio of 0.012 and reaching a EEaeq Of 29.60%. Results
yielded a global lactic acid extraction degree of 42.77% for the two-step process, with respect

to the initial lactic acid concentration in the feed tank.

These results support the feasibility of a multiple-step process in which the optimum operating
conditions (pH < pKa, niosomes formulated with Span 80 (20 mol/m3) and SDS (4 mol/m?3), and
a SDS/A molar ratio of 0.010) should be sought in each step in order to conveniently perform

the lactic acid extraction.
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6.4. Conclusions

This work examines the influence of several factors related to dispersion composition and
operation conditions of a membrane hybrid process using Span 80 niosomes modified with SDS
as lactic acid extraction agents. Niosome formulation was performed by 5 min direct
ultrasonication of aqueous solutions of 20 mol/m? Span 80 and different SDS concentrations,

following the results obtained in a previous work [30].

Experiments were performed at 20 °C, 350 rpm of feed stirring, using a 0.20 um pore size flat-
disc TiO, membrane and 0.3 bar of transmembrane pressure, as they provide a total rejection
of the niosomes and high permeate flux that were kept constant during the concentration stage

until a volume concentration ratio (VCR) around 2.5.

The lactic acid extraction degree is affected by the SDS concentration in the niosome
formulation, the volume of dispersed phase added, pH and concentration of lactic acid in the
aqueous solution. SDS concentration used in niosome formulation, pH, and SDS to lactic acid
molar ratio (SDS/A) were the three important control parameters for the lactic acid extraction
efficiency, for the range of feed compositions studied. Such optimal parameters were pH around
2, 4 mol/m3 of SDS in the niosomal formulation, and a SDS/A molar ratio of 0.010. The highest
lactic acid extraction degree (33%) was obtained under the mentioned conditions, which
corresponds to the addition of 10 cm? of dispersed phase containing niosomes formulated with
Span 80 (20 mol/m3) and SDS (4 mol/m3), to 400 cm? of aqueous solution with 10 mol/m3 of

lactic acid.

The greater affinity of the niosomes by the non-dissociated species of lactic acid justifies the
process optimization when working at pH < pKa of lactic acid (3.4). As pH increases, the lactic
acid extraction efficiency decreases as a consequence of the lower concentration of lactic acid
protonated species that are able to bind to the niosomes by hydrogen bonds with the SDS

adsorbed in the niosomes.

The increased concentration of SDS monomers that remained free in dispersion (not linked to
the niosomes) as the pH increases above the isoelectric point of the membrane (about 4.1) was
the main responsible for the permeate flux decline. At pH > 12 the breaking of niosomes took
place and consequently there was no lactic acid extraction, and a significant permeate flux
decline was observed during the concentration stage. A lactic acid recovery efficiency of 100%

was obtained in the back-extraction process by addition of sodium hydroxide until pH > 12.
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From this work, it is inferred that the lactic acid extraction could be performed in a multiple-step

process using the permeate obtained in each step as the feed of the following step, and keeping

the optimum operating conditions (pH < pKa, niosomes formulated with Span 80 (20 mol/m?3)

and SDS (4 mol/m3), and a SDS/A molar ratio of 0.010) in each step in order to increase

significantly the lactic acid extraction efficiency of the process. Furthermore, SDS and Span 80

are non-toxic surfactants with low market price, compared to other surfactants, improving the

attractiveness for their use on a large scale or industrial scale.

Nomenclature

EEA
HL

Ka

Kab

K-

Pa
SDS (xs

SDS/A

VCR

concentration of species (mol/m?3)

lactic acid extraction efficiency (Eq. (1))

lactic acid protonated species

permeate flux (L/m? h) (Eq. (3))

forward overall volumetric mass-transfer coefficient referred to the aqueous phase (Eq.
(7))

backward overall volumetric mass-transfer coefficient referred to the aqueous phase
(Eq. (14))

equilibrium coefficient for the extraction reaction of the lactic acid protonated species
(Ea. (11))

equilibrium coefficient for the extraction reaction of the anion lactate (Eq. (12))

lactate anion

equilibrium distribution coefficient for the lactic acid (Eq. (2))

molar ratio between the SDS bind to niosomes and the initial added as dispersed phase
(Ea. (5))

molar ratio between the SDS adsorbed in the membrane and the initial added as
dispersed phase (Eq. (6))

molar ratio between the SDS added in the dispersed phase and the lactic acid content
in the initial agueous phase

time (min)

volume (cm?)

volume concentration ratio (relationship between the feed volume and the retentate

volume)
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Xansy  molar ratio between the lactic acid extracted in niosomes and the total amount present
in the final retentate after the concentration stage (Eq. (4))
Xsps(ns) molar ratio between the SDS linked to the niosomes and the total amount present in the

retentate (Eq. (4))

Subscripts

A lactic acid

dispersed phase

eq equilibrium conditions

F feed dispersion

m membrane

NS niosomes

p permeate

r retentate

S total surfactant (Span 80 and SDS)

SDS  sodium dodecyl sulphate

w aqueous phase
Superscripts
0 initial conditions
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Capitulo 7

El estudio de investigacidn que se presenta en este capitulo surge de la necesidad de solventar
el fuerte ensuciamiento de la membrana de microfiltracidn utilizada en el estudio anterior y
presentado en el capitulo 6. Por ello, en este trabajo, que representa una continuacién del
anterior, se utilizaran membranas de ultrafiltracién planas de ZrO, y se tratara de optimizar el

proceso de separacién de lactato sédico en la etapa de reextraccion.

El estudio se llevd a cabo mediante un disefio de experimentos del tipo compuesto central y
metodologia de superficie de respuesta. Los factores experimentales fueron el limite de peso
molecular nominal de la membrana (NMWL), la presién transmembranal (TMP), y la
concentracién inicial de acido lactico (Ca), y las variables respuestas la densidad de flujo de

permeado (J,) y los rechazos observados del lactato sédico (Ra) y del tensioactivo SDS (Rs).

Las experiencias se realizaron a 25 °C en cuatro etapas: una primera etapa de extraccién del
4cido lactico mediante niosomas formulados con monooleato de sorbitan (Span 80, 20 mol/m?3)
y dodecil sulfato de sodio (SDS, 4 mol/m3), una segunda etapa de reextraccién realizada por
adiciéon de NaOH hasta un pH superior a 12 donde se produce la ruptura de los niosomas y la
liberacion del lactato de sodio, y una tercera y cuarta etapas de ultrafiltracién, a concentracién
constante y subsiguientemente en modo de concentracién, con el fin de separar los iones de

lactato de los tensioactivos empleados.

Las condiciones dptimas de operacidon se obtuvieron empleando membranas de 15 kDa vy
trabajando a una presion transmembranal de 2 bar. En estas condiciones, se obtuvieron valores
maximos de flujo de permeado (42,63 L/m?h) y de rechazo a los tensioactivos Span 80 (100%) y

SDS (87,3%), mientras que el rechazo de la membrana al ion lactato fue muy bajo (4,31%).

Asimismo, se observé un efecto adverso en la retencion de SDS a medida que aumenta el flujo
de permeado. Este fendmeno es explicado considerando los fendmenos que pueden ocurrir en

la capa de polarizacién en presencia de elevadas cantidades de sal.

Este trabajo ha sido publicado en la revista Separation and Purification Technology 180 (2017),
90-98. https://doi.org/10.1016/j.seppur.2017.02.048
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7.1. Introduction

Lactic acid is of paramount importance in pharmaceutical and food industries due to its
properties as a preservative, acidulant, pH regulator, and flavoring. Its use has considerably
increased in the last years because of the increased production of polylactic acid (PLA)

biodegradable thermoplastic [1-4].

In lactic acid bioproduction, unsustainable and high energy consumption conventional
separation techniques, such as precipitation with calcium hydroxide or solvent extraction, are
usually used for the lactic acid separation from fermentation broths [5,6]. Membrane-based
separation techniques [7] have proven to be effective because they can avoid accumulation of
lactic acid in the fermentation broths, preventing product inhibition and increasing productivity
of the fermentation process. In this way, hollow-fiber contactors using organic solvents [8—10]
and micellar enhanced ultrafiltration (MEUF) using surfactants have been studied [11-14]. More

recently, the use of niosomes as lactic acid extraction agents has also been studied [15].

Niosomes are vesicles formed by one or more bilayers of non-ionic surfactants enclosing an
aqueous inside cavity. Niosomes are widely used in medical and pharmacological applications
for their ability to microencapsulate compounds of different nature [16—20]. However, the use
of niosomes as extraction agents of solutes from very low concentration aqueous solutions is a

new application in the field of sustainable processes that has barely been explored.

Fraile et al. [21] observed that the addition of suitable amounts of the anionic surfactant sodium
dodecyl sulfate (SDS) to non-ionic surfactant Span 80 (sorbitan monooleate) formulations yields
a stabilizing effect on the niosome bilayer, improving lactic acid entrapment efficiency. However,
the addition of ionic surfactants to the niosome dispersions can lead to the complete
solubilization of vesicles. The solubilization process of Span 80 niosomes by addition of SDS has
been recently studied [22]. It was identified as a three-stage micellization process: SDS
adsorption until saturation, intensification of the bilayer solubilization by mixed micelles
formation, and complete bilayer solubilization by micellization. The critical points corresponding
to SDS concentration for niosome saturation and total solubilization were identified for several
Span 80 niosome concentrations, being 12 and 16 mol/m?3 of SDS, respectively, for the 20 mol/m3

Span 80 formulation.

The membrane hybrid process of lactic acid extraction by niosomes formulated with Span 80
and SDS in pre-saturation concentrations, using a 0.20 um pore size flat-disc TiO, microfiltration

membrane and 0.3 bar of transmembrane pressure, has been studied in a previous work [15].
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Best results showed a 33% lactic acid extraction degree after 30 min equilibrium time, using
niosomes of Span 80 (20 mol/m3) and SDS (4 mol/m?3) as extraction agents, pH < pKa of lactic
acid (pKa = 3.4), and a SDS/lactic acid molar ratio of 0.01. Back-extraction of lactate ion was
conducted by addition of NaOH until pH > 12 where breaking of niosomes was observed.
However, a significant permeate flux decline with respect to water flux (Jo/Jw = 0.38) was
obtained during the separation of components due to fouling by mixed micelles and SDS
monomers in the polarization layer and within the large pores of the microfiltration membrane.
These results have led to the present work focused on the use of ultrafiltration (UF) membranes
in order to reduce fouling and to improve the permeate flux during the back-extraction stage at

pH>12.

This work is a continuation of the previous one [15] and aims to model and optimize the removal
of lactate ion from back-extraction aqueous solutions at pH > 12 containing Span 80 and SDS
surfactants in the stated concentrations, using ultrafiltration membranes. A Central Composite
Design (CCD) and Response Surface Methodology (RSM) were used to study the effect of the
factors (lactate ion concentration, transmembrane pressure, and membrane nominal molecular
weight limit), on the permeate flux and rejection of components. RSM approach was also used
to gain an understanding of the concentration polarization phenomenon. The optimization of
the process conditions was conducted in order to achieve maximum permeate flux and

surfactants rejection, and minimum lactate ion rejection.

7.2. Materials and methods
7.2.1. Chemicals

DL-Lactic acid (>90% purity, Fluka) was used as solute. The non-ionic surfactant sorbitan
monooleate (Span 80, >95% purity, Sigma-Aldrich) and the anionic surfactant sodium dodecyl
sulfate (SDS, 99%, Sigma-Aldrich) were used in the formulation of niosomes. Other chemicals
such as methanol (HPLC grade, HiPerSolvChromanorm), maleic acid (>99%, Fluka), phosphoric
acid (>85%, Sigma-Aldrich), disodium hydrogen phosphate dodecahydrate (>98%, Panreac),
potassium dihydrogen phosphate (>99.5%, Merck), sodium hydroxide (analysis grade, Scharlau),
and phenolphthalein (99%, Panreac) were used throughout the experiments. For the
determination of SDS concentration the following chemicals were used: ethyl violet (99%,
Sigma-Aldrich), glacial acetic acid of analysis quality (Panreac), sodium acetate for analysis
(Merck), anhydrous sodium sulfate for analysis (Scharlau), toluene (>99.5%, AnalarNormapur

VWR Chemicals) and ethylenediaminetetraacetic acid (EDTA, >99%, Sigma-Aldrich). Ultrapure
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deionized Milli-Q water (Millipore, USA), with a conductivity of 0.1 puS/cm, was used for the

preparation of all solutions.

7.2.2. Niosome formation

Niosomes were prepared by ultrasonication of 10 cm? aqueous solutions of Span 80 (20 mol/m3)
and SDS (4 mol/m?3). These concentrations were chosen on the basis of previous works [15,21].
The application of ultrasounds was carried out over a 5-min effective time, by pulses every 5 s
(5 sonand 5 s off, 60 cycles; 30% amplitude, 500 W), to avoid overheating of the sample, using
a high-intensity ultrasonic processor (Vibra-Cell VCX 500, Sonics & Materials Inc., USA) equipped
with a 3 mm-diameter titanium alloy bicylindrical probe. Following, samples were centrifuged
(Eppendorf 5804 centrifuge) for 15 min at 9000 rpm, in order to remove any trace of metal

detached from the probe.

7.2.3. Experimental procedure

UF experiments were carried out using a Spirlab filtration cell (TAMI Industries, France) with 90
mm diameter flat-disc ceramic membranes (INSIDE DisRAM, TAMI Industries, France), made of
a ZrO; active layer supported on TiO,, with 56.3 cm? of effective area. The nominal molecular

weight limits (NMWL) of the membranes were 3, 8 and 15 kDa.

All experiments were conducted using the following four-stage protocol:

1. Extraction stage: it was carried out by mixing 400 cm?® of aqueous solution containing
lactic acid (Ca = 5, 10 and 15 mol/m3), named as F,, and 10 cm? of dispersed phase
containing niosomes, named as Fq. The mixture was continuously stirred at 375 rpm and
20 °C for 30 min to reach equilibrium.

2. Back-extraction stage: this stage was performed by addition of a required volume of
NaOH (1 N) aqueous solution to the above mentioned dispersion until pH about 12.2 +
0.2. It was allowed 45-50 min to reach equilibrium and then a 60 cm?® sample was
withdrawn for analysis. The sample and remaining dispersion were identified as Fuyis.

3. UF stage in constant concentration mode. The feed solution (Fus) was fed to the
ultrafiltration cell by a peristaltic pump (Masterflex |I/s economy drive Cole Parmer, CRS
rotor EW-07518-00) at a prefixed flow rate and pressure. Permeate and retentate
streams were recirculated to the 1 L jacketed feed tank, where the feed solution was

kept at constant temperature (20 °C) and stirred at 375 rpm. Adjustment of
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transmembrane pressure (TMP) was achieved by a needle valve located in the retentate
stream. The system is also equipped with a flowmeter and a pressure gauge, both placed
at the inlet of the filtration cell. Experiments were run for 30 min under specific TMP (1,
1.5 or 2 bar) in order to achieve stable conditions in the polarization layer and
membrane. Subsequently, a 60 cm?® sample was withdrawn for analysis and the sample
and remaining dispersion were identified as F.

4. UF stage in concentration mode. Once the equilibrium with the membrane was reached,
the feed solution F was ultrafiltrated in concentration mode, removing continuously the
permeate stream and recirculating the retentate to the feed tank up to a volume
concentration ratio (VCR, the quotient between initial feed volume and retentate
volume) around 2. The permeate flux was calculated by measuring the time needed for
collecting 10 cm?® permeate samples. Finally, permeate and retentate were separated

for analysis and named as P and R, respectively.

N -
I == L

Fo Fois (pH > 12)

EXTRACTION STAGE BACK-EXTRACTION STAGE

CONCENTRATION MODE UF STAGE CONSTANT CONCENTRATION MODE UF STAGE

Figure 7.1. Schematic diagram of the four-stage experimental procedure. Fy: dispersed phase,
Fo: continuous phase, Fpis: dispersion at pH > 12 without membrane contact, F: feed dispersion
at pH > 12 in contact with the membrane under UF conditions at constant concentration, P and
R: permeate and retentate after UF in concentration mode, 1: feed tank, 2: peristaltic pump, 3:

pressure gauge, 4: membrane module, 5: needle valve.
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Fig. 7.1 shows a scheme of the four-stage procedure and the set-up of the UF experimental
equipment. Table 7.1 summarizes the analytical measurements made to different samples

through the experimental process.

Membrane cleaning was accomplished afterwards by rinsing with deionized water to remove
the foam, followed by washing with 0.1 N sodium hydroxide solution for 30 min, and then with
0.17 wt.% phosphoric acid solution for 30 min. A final rinsing step with deionized water until

neutrality was sufficient to restore the initial water flux of the membrane.

Table 7.1. Summary of analytical measurements made to samples through the experimental

procedure.

Sample Description Analytical measurements

Lactic acid aqueous solution (initial
Fo Lactic acid concentration and pH

continuous phase)

Aqueous dispersion of niosomes (initial
Fq Size, PDI, zeta potential, and pH
dispersed phase)

Lactate ion concentration, SDS
Equilibrium dispersion at pH > 12
Fuis monomers concentration, size, PDI,

(without membrane)
zeta potential, and pH

Bulk dispersion at pH > 12 under steady- Lactate ion concentration, SDS
F state UF conditions in constant monomers concentration, size, PDI,
concentration mode zeta potential, and pH

Lactate ion concentration, SDS

Final permeate after UF in concentration
P monomers concentration, size, PDI,

mode (VCR = 2)
zeta potential, and pH

Lactate ion concentration, SDS
Final retentate after UF in concentration
R monomers concentration, size, PDI,
mode (VCR = 2)
zeta potential, and pH
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7.2.4. Analytical methods

Lactate ion concentration was determined by high performance liquid chromatography using a
HPLC Shimadzu. A reverse phase column ACE 5C18 (ACE HPLC columns) and a UV-vis detector at
216 nm were used. Detailed conditions of the analytical method can be found elsewhere [15].

Samples were measured in triplicate and the analytical error was lower than = 0.001 mol/m3.

SDS monomer concentration was determined by spectrophotometry at 615 nm with a Hitachi
U-2000 equipment, using the ethyl violet method [23]. Samples were measured in triplicate and

the analytical error was lower than + 0.002 mol/m?3.

The particle size distribution, the mean hydrodynamic diameter and the polydispersity index
(PDI) of the samples were carried out by dynamic light scattering (DLS) using a Zetasizer Nano
ZS apparatus (Malvern Instruments Ltd., UK). The PDI is a dimensionless measure of the width
of the size distribution ranging from 0 to 1, a higher value being indicative of a broader
distribution of particle size. The average value and the relative error of the 3 replicates, each of

5 measurements at 20°C, was considered for each sample.

Zeta potential measurements were conducted with the aforementioned Zetasizer Nano ZS
apparatus, using the Laser Doppler Velocimetry technique. They were performed on the same
sample previously prepared to measure the particle size, but using the appropriate DTS1061
disposable folded capillary cell equipped with electrodes to allow the passage of electric current
and the movement of the particles according to their charge [24]. Six replicates of 11

measurements were performed for each sample at 20 °C.

The pH measurement was performed at 20 °C using a Crison GLP 22 pH-meter fitted with a Crison

52-02 glass pH electrode (Crison, Spain), with an error of £ 0.01 pH units.

Morphological analysis of niosomes was performed by negative staining transmission electron
microscopy (NS-TEM), using a JEOL-2000 EX-Il TEM operating at 160—180 kV, with an image
resolution of 1 nm, located at the University of Oviedo (Spain). A droplet of the selected sample
was placed on a carbon-coated copper grid, and the sample excess was removed using a piece
of filter paper. Then, a drop of phosphotungstic acid solution (2% w/v) was applied to the carbon
grid and left for 2 min. Once the excess of staining agent was removed by absorbing with the
filter paper, the sample was air-dried and the thin film of stained niosomes was observed by

TEM.
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7.2.5. Experimental design and statistical analysis

Response Surface Methodology (RSM) and Central Composite Design (CCD) with three levels of
each independent variable were used to study the effect of NMWL (X1: 3—15 kDa), TMP (X,: 1-2
bar) and lactic acid initial concentration (Xs: 5-15 mol/m3) on the permeate flux (J,,), lactate ion
observable rejection (Ra), and SDS observable rejection (Rs). The factors and levels studied are
summarized in Table 7.2. Based on the selected high and low levels, the NMWL ideal central
point should be 9 kDa. However, 8 kDa membrane was used at the central points in this study,

assuming that this change does not significantly influence the experimental design.

Table 7.2. Factors and levels studied.

Levels
Factors
Low (-1) Centre (0)  High (+1)
X1: NMWL (kDa) 3 8 15
X2: TMP (bar) 1 1.5 2
X3: Ca (mol/m3) 5 10 15

The response variables were calculated using the following equations:

v
P txA

(1)

C:
Ri=1- C'LP) (2)
i(Fbis)

where V is the volume of the permeate sample collected, t is the time needed for collecting the
permeate sample, A is the membrane effective area (56.3 cm?), and Cij,) and Ciris) are the total
concentration of lactate ion or SDS in the final permeate and dispersion at pH > 12 (Fuis
dispersion), respectively.

The CCD model generated 17 experimental runs with three replicates at the central point which
highlight the reproducibility of the experiments. A second-order degree polynomial equation
was used to express each predicted response (Y) as a function of the independent variables

under study (X1, X2 and X3). The model equation is as follows:

Y=ag+a; Xy +ayXy+azXg+ag X3 +ay,X3+azsX3+a,X  Xo+a13X  Xa+ay3 Xo X3 (3)
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where Y represents the response variable (Jp, Ra, and Rs, in this case), ao is a constant, and a, aj;,
a; are the linear, quadratic, and interactive coefficients, respectively. Analysis of variance
(ANOVA) and least significant difference (LSD) test were applied to detect the effect of the
factors and statistically significant differences among values, respectively. The model was fitted
by multiple linear regressions (MLR). The validity of the empirical model was tested with ANOVA.
The significance of each estimated regression coefficient was assessed through values of the
statistic parameters F and p (probability) with a 95% confidence level. The experimental design
and data analysis were performed using STATGRAPHICS Centurion XVI (Statpoint Technologies,
Inc., Warrenton, VA, USA).

Optimal conditions were determined with the help of the STATGRAPHICS Centurion XVI
software, in order to reach the maximum permeate flux and SDS rejection, and the minimum

lactate ion rejection, according with the work objectives.

7.3. Results and discussion

7.3.1. Effect of NaOH addition on the breakup of niosomes

Particle size measurement in the dispersed phase (Fq4) reveals niosomes of 200 nm average
diameter and a PDI value of 0.27, which indicates a homogeneous population (Fig. 7.2a).
Otherwise, detailed analysis of DLS intensity data of dispersions at pH > 12 revealed that the
main peak observed in Fg4, which is attributed to niosomes, disappears in these samples
indicating niosome destruction by the addition of NaOH until pH > 12. However, peaks
associated with mixed micelles of 78-80 nm in size and Span 80 aggregates larger than 1000 nm
were observed in any of the Fyi, F and R dispersions. Results corresponding to a R dispersion are
also depicted in Fig. 7.2a. They are according with previous works [15,21]. As expected, zeta
potential values between —45 and —38.5 mV were obtained in the F4 samples used in different
experiments (—40.8 mV for F4 sample shown in Fig. 7.2b), which indicate the presence of
negatively charged niosomes due to the SDS adsorbed in their surface. Besides, as shown in Fig.
7.2b, two particle populations are observed in the R dispersion, with zeta potential values of -8
and —20 mV, indicating weakly negatively charged particles. Similar results were obtained for
any of Fuis and F dispersions (not shown), which corroborate the breakup of the niosomes at pH

> 12. No particles were found in permeates, regardless of the membrane NMWL.
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The presence and morphology of niosomes in the dispersed phase (F4) have been confirmed by
TEM measurements. Fig. 7.3 shows two photomicrographs of formulations of 20 mol/m? of Span
80 and 4 mol/m3 of SDS, where the white areas correspond to the grid. Fig. 7.3a shows the
presence of spherical niosomes of about 200 nm in Fy4, whose sizes agree with those measured
by DLS. Fig. 7.3b shows absence of niosomes in the dispersion at pH > 12 (Feis). Fig. 7.3b could
correspond to large structures of Span 80, as its concentration (20 mol/m?3) is well above its CMC

(= 0.1 mol/m3 in water [25]), and they would be in accordance with the large particles shown in

Fig. 7.2a.
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Figure 7.2. (a) Particle size distributions corresponding to dispersed phase, F,, and retentate, R,

and (b) Zeta potential of Fs and R dispersions, as described in Table 7.1.
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(b)

Figure 7.3. TEM micrographs. (a) Niosomes of Span 80 (20 mol/m?) and SDS (4 mol/m?) in the
dispersed phase (F4). (b) Formulation of Span 80 (20 mol/m?) and SDS (4 mol/m?) in aqueous

solution at pH > 12 (Fyis). Scale bars: 0.2 ym.

It is well documented that addition of low concentration of cations to anionic surfactant (SDS)
solutions decreases the repulsive forces between head groups of SDS monomers due to the
electrostatic shielding effect, resulting in the formation of micelles at lower concentration than
its CMC (8.1 mol/m3 in water [11,26-32]). However, beyond a critical concentration, the sodium

ions start disrupting the micellar packing, resulting in less stable micelles [29,30].

In light of the results, it can be assumed that the presence of Span 80 monomers is highly
improbable in dispersions at pH > 12 due to its hydrophobic character (HLB = 4.3 [20]), whereas
the coexistence of large Span 80 aggregates with mixed micelles and SDS surfactant monomers

is highly probably.

7.3.2. Experimental design

The matrix of the CCD and experimental values of the response variables are given in Table 7.3.
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Table 7.3. Matrix of the central composite design (CCD) and experimental values of the
response variables: permeate flux (J,), lactate ion observable rejection (Ra), and SDS observable

rejection (Rs).

Factors Responses
Experiment NMWL TMP Ca Jo
(kpa)  (bar)  (mol/m®)  (L/m?h) Ra Re
1 15 1 5 15,992¢ 0.0191° 0,897?
2 8 1,5 10 24,51 0.0182° 0,864
3 3 1 15 8,53° 0.0115? 0,888?
4 8 1,5 5 26,64 0.0160? 0,865?
5 3 1,5 10 12,79% 0.0056° 0,881?
6 15 1,5 10 34,10% 0.0315? 0,880°
7 8 1,5 15 19,18 0.0171° 0,891°
8 8 1 10 14,922b¢ 0.0117° 0,881?
9 8 1,5 10 22,38 0.0208? 0,866°
10 15 1 15 17,053 0.0193? 0,887°
11 3 1 5 9,06° 0.0025? 0,902?
12 3 2 5 20,25 0.0313? 0,889?
13 15 2 5 42,63f 0.0431° 0,873?
14 15 2 15 40,50f 0.0448? 0,870?
15 8 1,5 10 23,45 0.0077? 0,871°
16 8 2 10 27,71°% 0.0055? 0,869?
17 3 2 15 17,0520 0.0313? 0,890?

Values with different letters in each column are significantly different (LSD test, p < 0.05)

Table 7.3 shows that J, values present large variation, between 8 and 43 L/m?h. However, Ry and
Rs values were lower than 4.5% and higher than 86%, respectively, with very similar values
among them for all experiments. LSD test was applied for each response variable, revealing that
Ra and Rs values were no significantly different (p > 0.05). However, J, values identified in Table

7.3 that do not share a same letter were considered statistically different among them (p < 0.05).
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ANOVA of the fitted model for the J, response shows that the model was statistically significant
(p-value = 0.001). Table 7.4 shows that NMWL, TMP and their interaction are statistically
significant (p < 0.05) on J,. F values indicate that, for the range of factors studied, NMWL and
TMP factors have the stronger influence on J,, and also that interaction between NMWL and
TMP has synergistic effect on J,. Otherwise, Ca factor was not significant on J,, indicating that it

does not contribute on the J, response, in the range of concentrations tested.

Table 7.4. Analysis of variance (ANOVA) for the model. Response: permeate flux (J,).

Factors SS DF MS F-value p-value
X1: NMWL 682.111 1 682.111 131.17 0.0017
X2: TMP 702.524 1 702.524 135.09 0.0016
Xs: Ca 14.6575 1 14.6575 2.82 0.0694
X2 3.45166 1 3.45166 0.66 0.2232
X1X2 119.472 1 119.472 22.97 0.0094
X1X3 1.51815 1 1.51815 0.29 0.3668
X% 9.59837 1 9.59837 1.85 0.1006
XoXs3 4.29245 1 4.29245 0.83 0.1911
X2 0.237523 1 0.237523 0.05 0.6921
Lack of fit 34.1339 5 6.82679 6.02 0.1486
Pure error 2.26847 2 1.13423

SS (sum of squares), DF (degrees of freedom), MS (mean of squares)

Considering the significance of the factors, expressed by p-values, the empirical model was
simplified, and experimental data were fitted to Eq. (4), which was able to correctly predict the
permeate flux. Fig. 7.4 depicts the closeness between the observed and predicted values of the

permeate flux.

Jp =—=17.0207-0.109287 x NMWL+30.8566 x TMP+1.28459 x NMWL x TMP (4)

The model obtained (Eq. (4)) was robust and showed no lack of fit (p > 0.05, Table 7.4), with high
value of the coefficient of determination (R = 0.942), high adjusted statistical coefficient (R%q; =

0.923) and a normal distribution of the residuals.
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Figure 7.4. Observed vs. predicted values for permeate flux.

In order to study the effect of the independent variables on J,, surface response and contour
plots of the model were generated by varying two of the independent variables within the
experimental range while holding the third one constant at the central point. Fig. 7.5 shows that
NMWL and TMP factors, and their interaction, have a statistically significant positive effect on
the permeate flux. A TMP increase causes a positive effect on Jp increase, being more

appreciable as NMWL increases. This behavior can also be seen later in Fig. 7.6.

Jp (L/m2h)
0.0-8.0
8.0-16.0
16.0-24.0
24.0-32.0
32.0-40.0
40.0-48.0

Jp (L/m2 h)

NMWL (kDa)

Figure 7.5. Response surface and contour plots of J, vs. NMWL and TMP for Ca = 10 mol/m?>.
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7.3.3. Optimization of operating conditions

Optimal conditions were established by maximizing the permeate flux. Rejections of lactate ion
and SDS were not optimized because they are no statistically different between them (LSD test,
p > 0.05), in the range of concentrations tested. Table 7.5 shows that best results can be
obtained using the 15 kDa NMWL ultrafiltration membrane, and 2 bar TMP. Under these
conditions, corresponding to experiment 13 of Table 7.3, predicted values of J, Rs, and Ra were

43.35 L/m?h, 87.05%, and 1.6%, respectively.

Table 7.5. Optimal operating conditions for the ultrafiltration process, and predicted and

experimental values of the response variables J,, Ra, and Rs.

Lower limit Upper limit Optimal
Response Optimization Prediction Factor
(95.0%) (95.0%) conditions
I Yes 43.3483 38.5473 48.1493 NMWL 15.0
Ra 0.0159915 -0.0134268 0.0454098 TMP 2.0
Rs 0.870568 0.852023 0.889112 Ca 5.0

7.3.4. Relationship between permeate flux and SDS rejection.

Fig. 7.6 shows that J, linearly increases with TMP, a fact that is more significant for the 15 kDa
membrane. Similar results were obtained in several works [31-33]. The linear behavior of J, with
TMP shown in Fig. 7.6 means that the process is mainly controlled by convection; however,
accumulation of species near the membrane takes place and concentration polarization layer
contributes, to some extent, as a resistance to permeation. Variation of J, with TMP during the
concentration process for the 15 kDa membrane is depicted in Fig. 7.7: J, was kept constant
during the concentration process by ultrafiltration, indicating stable conditions of the

membrane surface and polarization layer during this stage.
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Figure 7.6. Permeate flux variation with TMP using different NMWL ceramic membranes (3, 8

and 15 kDa). Symbols: experimental data. Lines: behavior trends.
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Figure 7.7. Experimental values of the permeate flux during the concentration process by
ultrafiltration under different TMP using the 15 kDa membrane. Symbols: experimental data.

Lines: behavior trends.

As it stated above, niosomes are broken at pH > 12 and large Span 80 aggregates and mixed
micelles of Span 80 and SDS coexist in equilibrium with SDS monomers in the dispersion (Fuyis).
During the UF process, retention of large aggregates and micelles take place by sieving effect of

the UF membranes, as the pore size is assumed to be lower than the size of these structures.
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It has been documented that the mean pore radius of several 5 to 30 kDa UF polymeric
membranes was in the range from 0.8 to 11 nm [31], whereas the SDS micelle radius is about
2.5 nm, with an average molecular weight of 14 kDa [29,31]. Furthermore, the excess of Na*
cations drives micellar systems towards larger micelles [33—35] and also affect their shape [36].
However, besides sieving, other phenomena such as the effect of membrane charge, adsorption
and concentration polarization, can affect the retention of surfactants.

Surfactants have tendency to adsorb at interfaces, so under UF conditions (dispersion F), part of
SDS monomers can be adsorbed on the membrane surface and pore walls. Many researchers
have demonstrated that for a strongly hydrophilic membrane as the ones used in this work,
adsorption is unlikely unless the solute and the membrane have opposite charges [33,37].
However, in this case at pH > 12 the membrane negative charge is partially shielded by the
excess of Na* ions and adsorption of SDS monomers could take place to some extent [26,38].
SDS monomers can also accumulate in the polarization layer under pressure conditions and form
micelles although the SDS concentration in the bulk is lower than the CMC value. The mixed
micelles are negatively charged and, although they are unlikely to be associated with the
membrane, their presence in the polarization layer is admissible.

SDS monomers concentration has been measured throughout the experimental process, as
indicated in Table 7.1. The fraction of SDS forming mixed micelles (SDS(mx), SDS monomers
(SDS(m)), and SDS adsorbed on the membrane and accumulated in the polarization layer (SDSm-
py), under UF conditions (dispersion F), were calculated by the following mass balances, where

identical fraction of mixed micelles in F and Fy;s has been assumed:

_ Cs(rd)V(rd)~Cs(Fbis) V(Fbis)
SDS(my)= (5)
Cs(Fd)V(Fd)
Cs(p)V.
SDS( _ _SS(RV(F) (6)

m) Cs(Fd)V(Fd)

SDS(M_pL)=1-SDS(mX)-SDS(m) (7)

where Cs is the SDS concentration and V is the volume of the dispersion, respectively.
Table 7.6 shows the distribution of the total SDS amount in the dispersion F. Under ultrafiltration
conditions, most of the SDS is adsorbed on the membrane or accumulated in the polarization

layer (SDS(m-py), being this fact the mainly responsible of the permeate flux decrease.
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Being a process mainly controlled by convection, the increase of the driving force as TMP
increases leads to the SDS monomers accumulated in the boundary layer to pass through the
membrane whose charge is shielded by Na* ions. It should be taken into account that the excess
of Na* ions cause micelles destabilization, resulting in a less compact micellar layer which
facilitates permeation of the SDS monomers [29,33,39]. This fact is observed in Fig. 7.8a, where
the amount of SDS monomers, that freely pass through the membrane, increases as TMP
increases, thereby decreasing the membrane rejection to SDS, as shown in Fig. 7.8b. These
results show the existence of an antagonistic behavior between J, and R, to the extent that R
decreases as J, increases, as depicted in Fig. 7.9. A similar behavior of permeate flux increase, as

well as surfactant concentration in permeates, with TMP can be found elsewhere [29,32,40].

Table 7.6. Distribution of total SDS amount in dispersion F under ultrafiltration conditions:
mixed micelles, SDS (mx), free monomers, SDS), and adsorbed on the membrane and

accumulated in the polarization layer, SDS.-p).

SDS (mx) SDS (m) SDS (m-p1)
Experiment

(wt.%) (wt. %) (wt.%)
1 38.40 8.64 52.96
2 34.77 10.92 54.31
3 37.31 8,64 54.05
4 33.75 9.41 56.84
5 37.49 9.12 53.39
6 41.81 10.48 47.71
7 35.08 9.40 55.53
8 33.26 9.29 57.45
9 33.87 10.67 55.46
10 34.07 11.18 54.75
11 35.62 8.47 55.91
12 36.39 9.58 54.02
13 36.53 11.12 52.35
14 34.07 11.18 54.75
15 35.19 10.74 54.07
16 32.84 11.70 55.46
17 33.75 9.41 56.84
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Figure 7.8. Variation of SDS amount (wt.%) with TMP in the dispersion F: (a) SDS monomers, (b)
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Figure 7.9. Relationships between the permeate flux and SDS rejection under ultrafiltration

conditions. Symbols: experimental data. Lines: behavior trends.

The effects of TMP and Na* ions presence on J, have also been tested for single surfactant

dispersions using the 15 kDa membrane and the results have been compared with those of the

surfactant mixtures. Fig. 7.10 shows that permeate flux increases with TMP for all systems but

it also depends on the medium composition.
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Figure 7.10. Relationships between the permeate flux and TMP for different medium

compositions. Symbols: experimental data. Lines: behavior trends.

The higher fluxes were obtained for Span 80 (20 mol/m?3) + SDS (4 mol/m3) niosome dispersions
at natural pH (= 7). For this system both niosomes and membrane have negative charge and
electrostatic repulsions favor the solvent permeation. The lower flux observed for the dispersion
with niosomes formulated only with Span 80 (20 mol/m3) at pH > 12 can be attributed to
accumulation of the negatively charged Span 80 large aggregates in the polarization layer,
because of the membrane charge shielding by Na* ions. Zeta potential of Span 80 aggregates at
pH > 12 was —20 mV, probably due to the adsorption of hydroxyl ions; in addition, the presence
of Na* decreases the electrostatic repulsion between particles, which increases their tendency
to accumulate in the polarization layer. A much lower J, was obtained for the system with
formulation identical to the first one (Span 80 + SDS) but at pH > 12, with J, values similar to
those achieved for a single SDS dispersion at pH > 12, indicating that the presence of SDS
monomers is the main cause of this permeate flux reduction. Comparison of the single SDS
systems at pH > 12 and natural pH (~6.9) shows a significant J, decrease in the former. This result
confirms that the Na* ions shield the negatively charged membrane surface and also decrease
the electrostatic repulsions between SDS monomers, yielding to their accumulation in the

polarization layer.
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7.4. Conclusions

ZrO; ceramic ultrafiltration membranes can be successfully used for the separation of ion lactate
from the surfactants Span 80 and SDS in aqueous solutions at pH > 12. Process optimization by
RSM showed that, in the range of conditions studied (TMP: 1-2 bar, NMWL: 3—15 kDa, and Ca:
5-15 mol/m?3), best results were obtained for the 15 kDa membrane and a transmembrane
pressure of 2 bar. Under these conditions the permeate flux (J,) was 42.63 L/m?h and SDS
rejection (Rs) was 87.3%. lon lactate concentration effect was not statistically significant on J,
and its rejection was lower than 4.5%. Span 80 rejection was 100% in all range of experimental
conditions tested, as it forms large aggregates that are retained by membranes.

Although the differences between R; values were not statistically significant with 95%
significance level, an antagonistic behavior between Rsand J, has been experimentally tested. It
was observed that UF process was mainly controlled by convection and J, increased as TMP
increases, being this effect more appreciable for membranes with higher NMWL. Besides, as J,
increases part of SDS molecules adsorbed on the membrane or accumulated in the polarization
layer pass through the membrane decreasing the SDS monomers rejection. The retention of
surfactants at pH > 12 are influenced by three predominant effects: the membrane sieving that
yields retention of mixed micelles and large aggregates of Span 80, the de-compaction of the
polarization layer due to the micelles destabilization caused by the excess of Na* ions, and the
shielding of the negatively charged membrane surface by Na* ions which improves the
permeation of SDS monomers as J, increases.

This study complements a previously one performed with a 0.20 um TiO, microfiltration
membrane and 0.3 bar TMP [15] where a significant permeate flux decline was obtained during
the separation of components due to SDS monomers accumulated in the polarization layer and
adsorbed within the large pores of the microfiltration membrane. A comparison between both
studies shows that J, obtained with the 15 kDa ultrafiltration membrane (J, = 42.63 L/m?h at
TMP = 2 bar) was higher than the obtained with the 0.20 um microfiltration membrane (J, =
19.19 L/m?h at TMP = 0.3 bar). Besides, smaller decrease of J, with relation to pure water flux
(Jw) was obtained with the UF membrane (Jo/Jw = 0.61) than with the microfiltration one (Jo/Jw =
0.38). These results indicate an improvement in the extraction-backextraction process of lactic

acid with Span 80 and SDS niosomes using ultrafiltration membranes.
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Capitulo 8

En este capitulo se aborda el estudio del proceso de solubilizacién de los niosomas formulados
con el tensioactivo monooleato de sorbitan (Span 80) con la adicidn del tensioactivo anidnico
dodecil sulfato de sodio (SDS). Para la preparacién de los niosomas se empled el método de

sonicacion.

La densidad optica (longitud de onda a 350 nm), la distribucion del tamafio de particula, el
potencial zeta y la concentracion de mondmeros de SDS de las dispersiones fueron los

principales parametros estudiados en este trabajo.

Los resultados permitieron distinguir las diferentes etapas del proceso de solubilizacion,
permitiendo determinar los puntos criticos de saturacién del SDS adsorbido en la bicapa
niosomal y la solubilizacidn total de los niosomas. En el diagrama de equilibrio de pseudo-fases,

se observé que los puntos de saturacion y solubilizacidn total siguen un comportamiento lineal.

Los puntos criticos de solubilizacidn total fueron corroborados mediante la medicion de la
concentraciéon de mondémeros de SDS. Asi mismo, se confirmé que la cantidad de SDS afiadida a
la dispersion por encima de los valores criticos de solubilizacidn total se agrega formando
micelas mixtas, las cuales aumentan su concentracion, mientras que la concentracién de SDS
monomérica se mantiene constante. Estos resultados verifican que la solubilizacién de los

niosomas se lleva a cabo mediante un proceso de micelizacion.

Los resultados de este trabajo pueden ayudar en la formulacién de niosomas estables para

aplicaciones que requieran del uso de estos sistemas mixtos biodegradables.

Este trabajo ha sido publicado en la revista ACS Sustainable Chemistry & Engineering, 4 (2016)
1862-1869. https://doi.org/10.1021/acssuschemeng.6b00148
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8.1. Introduction

Niosomes are non-ionic surfactant vesicles formed by one or more surfactant bilayers enclosing
an aqueous inside cavity [1,2]. Similarly to liposomes, both hydrophilic and hydrophobic
compounds can be encapsulated inside their core and in the niosome bilayer, respectively [3].
Niosomes are preferred to liposomes because of their greater chemical stability, high purity, low
cost, content uniformity, and easy handling and storage [4]. The large number of non-toxic and
relatively low-cost non-ionic surfactants available for niosomes formulation [5,6] provide their
large-scale production in pharmaceutical, cosmetic and, to a lesser extent, food applications [7—
11].

The use of niosomes as extraction agents of solutes at very low concentration in aqueous
solutions is a new application in the field of green and sustainable processes that has barely
been explored. The encapsulation efficiency of lactic acid by niosomes of Span 80 (sorbitan
monooleate) and SDS (sodium dodecyl sulfate) was investigated in a previous work [12]. Results
revealed that SDS acts as a niosome bilayer stabilizer, also providing a synergistic effect on lactic
acid encapsulation in formulations with a SDS molar fraction lower than 0.4. Kinetics and
equilibrium capacities of niosomes for lactic acid extraction under different medium conditions
were investigated in a recent work [13], in order to attain acceptable levels of lactic acid
extraction from dilute aqueous solutions. The best conditions were achieved with niosomes
formulated with 20 mol/m3 Span 80 and 4 mol/m3 SDS, a SDS to lactic acid molar ratio of 0.01,
and pH lower than the pKa of lactic acid, yielding a 33% of lactic acid extraction degree after 40

min contact time, when the equilibrium conditions were reached.

This work aims to study the Span 80 niosome solubilization by interactions with increasing
amounts of the anionic surfactant SDS. A similar process has been studied in the liposome
solubilization by SDS and described as a three-stage model [14-17]: liposome saturation,
progressive transformation of the mixed bilayer into lipid-rich mixed micelles, and finally,

complete solubilization of liposomes as mixed micelles.

To our knowledge, the solubilization process of niosomes by ionic surfactants has not been
studied yet, but a similar solubilization mechanism can be a priori accepted. In the initial stage,
the gradual incorporation of the SDS monomers to the vesicles until saturation occurs, yielding
to coexisting vesicles and SDS monomers in the dispersion medium, while the presence of
monomers of non-ionic surfactant is highly unlikely because of its extremely low water solubility.

Some authors [15—-17] have verified the formation of mixed micelles during the adsorption step,
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so that the void produced by the expulsion of the mixed micelles in the bilayer is filled by new
surfactant adsorbed in it. In the second stage, at higher concentrations of SDS, the vesicles
solubilization begins or intensifies yielding the mixed micelles formation, so that vesicles, mixed
micelles and SDS monomers coexist in solution. In the last stage, the complete solubilization of
vesicles is reached and the mixed micelles coexist in equilibrium with the SDS monomers.
Complete solubilization of vesicles leads to modification of the medium properties, and
represents a critical point in the behavior of some parameters such as light absorption,
conductivity or refractive index. The SDS added above this critical point is aggregated in mixed
micelles, keeping constant the concentration of monomeric SDS in solution. The SDS
concentration that produces the complete solubilization of vesicles by micellization is the critical
micellar concentration of total solubilization of vesicles (CMC of total solubilization) and
depends on the formulation of the vesicles and the properties of the dispersion medium. The
CMC of total solubilization is named in the literature as CMC [18,19], and its interpretation can

be misleading.

The CMC of SDS in water is 8.3 mol/m3[20-22]. This value represents the concentration above
which the SDS surfactant molecules aggregate to form micelles which remain in equilibrium with
their monomers at a constant concentration equal to the CMC. The SDS concentration needed
to achieve the total solubilization of vesicles is well above the CMC of SDS, and this fact is
explained in the literature as an increase of the CMC value by the presence of vesicles in the
suspensions. However, it should be noted that, above the CMC of total solubilization, the
concentration of SDS monomers that remain in equilibrium with the mixed micelles is much
lower than the value of the CMC of the SDS surfactant alone, as it will be further discussed in

this study.

The increasing use of niosomes as encapsulating agents in several applications has resulted in
the continuous development of vesicular systems whose efficiency should be tested. Solubility
and stability are the most important key aspects of any successful formulation. However,
formulations with biodegradable or food-grade surfactants, as those used in this work, should
be used in order to ensure their chemical and environmental sustainability. The results of this
study shed light on the stages of the solubilization process of Span 80 niosomes by the SDS
presence and allow the construction of the pseudo-phase equilibrium diagram. Its knowledge is
of paramount interest in formulations of these mixed systems regarding their possible use in

multiple applications.
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8.2. Experimental section

Materials. The non-ionic surfactant sorbitan monooleate (Span 80, Sigma-Aldrich) and the
anionic surfactant sodium dodecyl sulfate (SDS, 99%, Sigma-Aldrich) were used as supplied
throughout the experiments. For the determination of SDS concentration the following
chemicals were used: ethyl violet (99%, Sigma-Aldrich), glacial acetic acid of analysis quality
(Panreac), sodium acetate for analysis (Merck), anhydrous sodium sulfate for analysis (Scharlau),
toluene (>99.5%, AnalarNormapur VWR Chemicals) and ethylenediaminetetraacetic acid (EDTA,
>99%, Sigma-Aldrich). Ultrapure deionized Milli-Q water (Millipore, USA), with a conductivity of

0.1 uS/cm, was used for the preparation of all solutions.

Niosome preparation. Single surfactant aqueous solutions of 1, 2, 10 and 20 mol/m3 Span 80
were prepared 24 h before their use, in order to hydrate and relax the carbonated chains of its
molecular structure, weighing out the exact amounts of surfactant on an analytical balance
(Sartorius, accurate to + 0.0001 g), and with deionized water addition up to a final volume of
100 cm®. Niosomes were prepared by direct ultrasonication of 10 cm? Span 80 aqueous solutions
in round-based polystyrene tubes, 115 mm in height and 29 mm in diameter, supplied by Labbox
(Spain). The application of ultrasounds was carried out over a 5-min effective time, with pulses
every 5 s (5 s on and 5 s off, 60 cycles; 30% amplitude, 500 W), to avoid overheating of the
sample, using a high-intensity ultrasonic processor (Vibra-Cell VCX 500, Sonics & Materials Inc.,
USA) equipped with a 3 mm-diameter titanium alloy bicylindrical probe. The 1 cm skirt at the
base of polystyrene tubes assisted homogeneous probe positioning in all samples. Throughout
the ultrasonication process, the samples were immersed in an ice bath to prevent chemical
degradation. Subsequently, the samples were centrifuged (Eppendorf 5804 centrifuge) in 15 cm3
polystyrene centrifuge tubes for 45 min at 9000 rpm, in order to remove traces of metal that

could be detached from the probe.

Solubilization experiments. Niosome solubilization experiments were carried out in 10 cm3
blisters by contacting 5 cm? of the niosome suspension with diferent volumes of a 100 mol/m?3
SDS aqueous solution. The composition of samples is shown in Table 8.1 Samples were
maintained in an incubator shaker (Model G25, New Brunswick Scientific Co) at 150 rpm and 25
°C during predetermined periods of time, after which they were analyzed by the

undermentioned techniques.
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Table 8.1. Composition of samples.

Concentration of Span 80 Concentration of SDS

Sample name* in niosomes in the sample
(mol/m3) (mol/m?3)
C1S0/ C2S0/ C10S0/ C20S0 1/2/10/20 0
C1S2 / C2S2 / C10S2 / C20S2 1/2/10/20 2
C1S4 / C2S4 / C10S4 / C2054 1/2/10/20 4
C1S6 / C2S6 / C10S6 / C20S6 1/2/10/20 6
C1S8 /C2S8/C10S8 / C20S8 1/2/10/20 8
C1S10/ C2S10/C10S10/ C20S10 1/2/10/20 10
C1S12 /C2512 / C10S12 / C20512 1/2/10/20 12
C1S14 / C2514 / C10S14 / C20S14 1/2/10/20 14
C1S16 / C2S16 / C10S16 / C20S16 1/2/10/20 16
C1S18 /C2S18 / C10S18 / C20S18 1/2/10/20 18
C1S20/ C2S20/ C10S20 / C20S20 1/2/10/20 20
C1S22 / C2522 / C10S22 / C20S22 1/2/10/20 22
C1S24 / C2524 / C10S24 / C20S24 1/2/10/20 24

* |dentified as CxSy where x and y represent the Span 80 and SDS individual sample concentrations,

Analytical methods. Turbidity of each sample was measured at different contact times after
addition of SDS. A total sample volume of 1.2 cm?® was placed in a quartz cuvette (10 x 10 mm)
and its optical density (O.D.) was measured at a 350 nm wavelength using a double beam UV-
vis spectrophotometer (Hitachi U-2000). Milli-Q water was used as blank. Previously, it was
checked that the optical density at 350 nm wavelength provided a good sensitivity to the
turbidity caused by the presence of niosomes, whose size is well above than that of smaller size

micelles. The same wavelength was used by Deo and Somasundaran in their study on liposome

solubilization by SDS [18].

SDS monomer concentration was determined by spectrophotometry at a 615 nm wavelength

respectively.

(Hitachi U-2000 spectrophotometer), according to the ethyl violet method [23].
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The samples were measured in triplicate in the case of SDS standards (0-12 mg/L), and twice in
the case of experimental samples. For this, aliquots of Span 80 niosomes and SDS samples shown
in Table 8.1, after 1 h of interaction, were ultrafiltered using Millipore Amicon Ultra-4 units with
3 kDa cut-off regenerated cellulose membranes and centrifuged (Eppendorf 5804 centrifuge) at
9000 rpm for 10 min. Permeates, free of niosomes and micelles, were suitably diluted before

being analyzed.

The particle size distribution, the mean hydrodynamic diameter and the polydispersity index
(PDI) of the samples were measured by dynamic light scattering (DLS) using a Zetasizer Nano ZS
apparatus (Malvern Instruments Ltd., UK). The apparatus was equipped with a He-Ne laser
emitting at 633 nm and with a 4.0 mW power source. It was set for backscattering detection at
a scattering angle of 173°. Samples were diluted 1:100 to avoid multiple scattering effects and
filtered with 0.45 um Minisart RC 15 filters. Measurements were performed in DTS0012 square
disposable polystyrene cells at 20 °C. Three replicates, each of 20 runs, were performed for each
sample. The values shown in the tables and figures are the average value of the 3 replicates with
the relative measurement error. The PDI is a dimensionless measure of the width of the size
distribution ranging from 0 to 1, a higher value being indicative of a broader distribution of

particle size [24,25].

The ({-potential measurements were conducted with the aforementioned Zetasizer Nano ZS
apparatus, using the Laser Doppler Velocimetry technique. They were performed on the same
sample previously prepared to measure the particle size, but using the appropriate DTS1061
disposable folded capillary cell equipped with electrodes to allow the passage of electric current
and the movement of the particles according to their charge. The ¢-potential is calculated using
Henry’s equation and the Smoluchowski approximation, which considers that the double layer
thickness is much smaller than the particle size [26]. Six replicates of 11 measurements were
performed for each sample at 20 °C. Figures and tables show average values of the 6 runs with

the relative measurement error.

The pH was measured at 20 °C using a Crison GLP 22 pH-meter fitted with a Crison 52-02 glass

pH electrode, with an error of £ 0.01 pH units.

Morphological analysis of niosomes was performed by negative staining transmission electron
microscopy (NS-TEM), using a JEOL-2000 EX-Il TEM operating at 160—-180 kV, with an image
resolution of 1 nm, located at the University of Oviedo (Spain). A drop of the selected niosome
formulation was placed on a carbon-coated copper grid, and the sample excess was removed

using a piece of filter paper.
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Then, a drop of phosphotungstic acid solution (2% w/v) was applied to the carbon grid and left
for 2 min. Once the excess of staining agent was removed by absorbing with the filter paper, the

sample was air-dried and the thin film of stained niosomes was observed by TEM.
8.3. Results and discussion

Turbidity Variation throughout the Solubilization Process. The optical density variation of 1, 2,
10, and 20 mol/m3 Span 80 niosomes caused by the SDS surfactant presence at different contact
times was measured. Fig. 8.1 shows results after 1 and 24 h contact times. A turbidity decrease
due to the niosome solubilization by the addition of increasing SDS concentrations can be
observed in all Span 80 formulations. Solubilization curves practically overlap, indicating that
contact time does not significantly affect the determination of the critical points. Solubilization
curves for contact times between 1 and 24 h were also measured (Fig. S1, Supporting

Information).

1,60
--48---1 mol/m3 Span 80 (1 h)

1,40 - --9---2 mol/m3 Span 80 (1 h)

] - ---A--- 10 mol/m?3 Span 80 (1 h)
1204 = @ &gV ---@--- 20 mol/m? Span 80 (1 h)
—&— 1 mol/m3 Span 80 (24 h)

E 1,00 A —o— 2 mol/m?* Span 80 (24 h)
2 —~A— 10 mol/m?3 Span 80 (24 h)
L“., 0,80 —— 20 mol/m3 Span 80 (24 h)
[a]
O 0,60

0,40

0,20 % _

0,00 A

0 5 10 15 20 25
SDS (mol/m?3)

Figure 8.1. Solubilization curves of 1, 2, 10, and 20 mol/m? Span 80 niosomes by SDS after 1

and 24 h contact times.
In SDS absence, optical density increases from 0.14 for 1 mol/m3 Span 80 niosomes to 1.27 for

10 and 20 mol/m3 Span 80 niosomes, as a result of both the higher concentration and the larger

size of niosomes (as discussed later in connection with Table S1, Supporting Information).
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In the solubilization curves the point of maximum optical density corresponds to saturation of
niosomes by SDS. However, the minimum optical density corresponds to the complete
solubilization of the niosome bilayer. Between the two points niosomes and mixed micelles
coexist with SDS monomers in suspension. There is a continuous decrease of turbidity as the
SDS concentration increases for 1 mol/m?* Span 80 niosomes, indicating that disruption of the
bilayer takes place with the addition of very low SDS concentration and the saturation point is
not observed for this formulation. The increase in the optical density observed for 2 mol/m?3
Span 80 niosomes may be due to the increase in the size of the niosomes caused by the
adsorption of SDS on their surface. Adsorption of SDS in 10 and 20 mol/m3 Span 80 niosomes
hardly modifies the turbidity because niosomes are already large; however, saturation points
are clearly identified in 6 and 12 mol/m?3 of SDS, just before starting the sharp slope. The critical
points of saturation and total solubilization of the niosomes are shifted to higher concentrations
of SDS as the Span 80 concentration in niosomes increases, indicating that more SDS is required

to disrupt the bilayers, which is in agreement with the literature on liposomes [18].

Critical points of saturation and total solubilization of niosomes by SDS are shown in Table 8.2.
They correspond to the slope change in turbidity curves of Figs. 8.1 and S1 (Supporting
Information). The total solubilization critical points will be confirmed later by measurement of

monomeric SDS concentrations shown in Fig. 8.4.

Table 8.2. Critical points of saturation and total solubilization of 1, 2, 10, and 20 mol/m?> Span

80 niosomes by SDS.

Critical point of saturation Critical point of total solubilization

Span 80 (mol/m3) SDS (mol/m3) Span 80 (mol/m3) SDS (mol/m?3)

1 0 1 8
2 2 2 9
10 6 10 12
20 12 20 16

In the formulations with 1 and 2 mol/m3 Span 80 niosomes (Fig. S1a,b, Supporting Information)
a slight increased turbidity with the SDS contact time is observed, that may be attributed to the

association of the smaller mixed micelles in larger micelles due to its instability.
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The influence of the contact time has been observed in several works on liposome solubilization
by SDS using continuous analytical measurements [15,17,18,27,28]. Equilibrium time of 20 h was
established for the stability of the mixed micelles of phosphatidylcholine and SDS by monitoring
the variation in the static light scattered [27]. In this work, dispersion stability was measured by
DLS and {~potential and it will be commented later. However, it was found that the composition
of the critical points does not depend on contact time within the assay times tested (Figs. 8.1

and S1, Supporting Information).

Data of Table 8.2 are plotted in the pseudo-phase diagram shown in Fig. 8.2, where the bottom
and upper lines correspond to the saturation and total solubilization lines, respectively. They fit
a linear behavior with correlation coefficients close to 0.99. Similar pseudo-phase diagrams were
obtained for the solubilization of triglycerides and egg phosphatidylcholine liposomes by the
non-ionic surfactant Triton X-100 [29]. Below the saturation line, niosomes and SDS monomers
coexist in equilibrium conditions. Due to the hydrophobic character of Span 80 (HLB = 4.3) [6],
the presence of Span 80 monomers is highly improbable. Moreover, the presence of mixed
micelles was observed in the niosome saturation domain, as we discuss later regarding Fig. 8.3.
Above the total solubilization line, niosomes do not exist, and mixed micelles and SDS surfactant
monomers coexist in equilibrium conditions. In the domain between both lines, niosomes,
mixed micelles and SDS monomers are present in the suspension. This intermediate domain is
characterized by the intensification of the bilayer solubilization and the mixed micelles
formation. It is observed in Fig. 8.2 that the intermediate domain decreases with increasing Span
80 concentration, which reflects the existence of changes in the niosome bilayer structure. Size,
PDI, and {-potential of 1, 2, 10, and 20 mol/m? Span 80 niosomes without SDS were measured
at different stabilization times after ultrasonication (Table S1, Supporting Information). Results
for 1 and 2 mol/m?3 Span 80 concentrations have large uncertainties due to their poor stabilities.
Comparison of results after long time shows that the higher the Span 80 concentration, the
larger the niosomes size and the lower its PDI. The ¢-potential measurements reveal negatively
charged particles with higher absolute values, and hence more stable over time, for niosomes
formulated with higher Span 80 concentration, for which size and {-potential remain largely
unchanged in time. Several vesicles formulated with non-ionic surfactants without the inclusion
of charged species in the bilayer possess negative {-potential attributed to the adsorption of

hydroxyl ions [1,11-13].
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Figure 8.2. Pseudo-phase diagram of solubilization of Span 80 niosomes by SDS.

Size, PDI, and {-potential variation in the solubilization process. Size and PDI values after
different intervals of contact time of niosomes with increasing amounts of SDS were measured
(Fig. S2, Supporting Information). It is possible to discern a first zone for the lower SDS
concentrations, where values of PDI < 0.3 indicate quite homogeneous particle size population,
followed by a second zone with PDI > 0.4, with a more heterogeneous population in particle size.
The boundary line between both zones corresponds to 0, 2, 6, and 10-12 mol/m3 SDS for the 1,
2, 10, and 20 mol/m?3 Span 80 formulations, respectively, which are quite consistent with the

saturation points shown in Table 8.2.

As expected, the higher the Span 80 concentration in niosomes, the larger its particle size at the
saturation point. Sizes (<130, <147, <180 nm for 2, 10 and 20 mol/m?3 Span 80 formulations,
respectively) were lower than 200 nm, which is in agreement with the results from a previous
work [13]. It must be noted that the sizes of niosomes at the saturation point with SDS were not
larger than those without SDS. Such result was also obtained in previous works [12,13]. The
increased size of liposomes due to the SDS adsorption on its surface has been shown in different
works [18,30,31]. However, there are theoretical studies indicating a decrease in distance
between lipid molecules in the presence of SDS [32], which may justify our results of niosome

shrinkage by SDS intercalation.
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The particle size decrease and PDI increase with the progress of the solubilization process can
be more clearly seen in the 20 mol/m?3 Span 80 formulation (Fig. S2d, Supporting Information),
reaching the minimum size when total niosome solubilization is achieved. Average particle size
of 70 nm for the mixed micelles at the critical point of total solubilization was obtained.
However, it must be considered that values of PDI > 0.4 indicate heterogeneity in size and the

average size is not a representative value for the sample.

The {-potential values in the saturation points ranged between —30 and —37, —45 and -50), and
—-50 and —60 mV for the 2, 10, and 20 mol/m?* Span 80 formulations, respectively, which are
higher (in absolute value) than those of niosomes without SDS (Table S1, Supporting
Information): this is an indicative of the SDS adsorption on the niosome surface due to
hydrophobic and van der Waals forces [13,18]. {-potential absolute value decreased with the
solubilization process until minimum values between -4 and -12 were reached, when
solubilization of niosomes was completed. Values of pH were between 6.7-6.9 in all

formulations.

Fig. 8.3 shows the particle size distribution during the niosome solubilization. The contact time
of these samples was 1 h. They show a single peak when only niosomes are in the suspension,
and a lower intensity second peak with the appearance of mixed micelles. Furthermore, it is
observed that the small peak grows in intensity as the solubilization process elapses, while the
initial large peak corresponding to niosomes decreases in intensity and becomes smaller.
Formulations at the saturation critical points show two peaks; even the samples with SDS
concentration below the saturation critical points also show two peaks indicating that SDS
adsorption and mixed micelles desorption processes are simultaneous, so that the gaps left in
the bilayer by the surfactant dissolved in mixed micelles are filled with new SDS at the same
time. This result is consistent with those obtained for the solubilization of liposomes by SDS

[15,17].

Fig. 8.3 also shows that the large peak corresponding to niosomes is still substantially large at
the total micellization points. It should be noted that large particles scatter much more light than
small ones because the intensity of scattering of a particle is proportional to the sixth power of
its diameter. Therefore, the results of these samples indicate the presence of a few number of
niosomes in formulations corresponding to critical points of total micellization, above which the
complete solubilization of niosomes should occur. Regarding these inconclusive results, TEM

measurements were conducted and shown at the end of this section.
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Figure 8.3. Particle size distribution of several samples during the solubilization of Span 80
niosomes by SDS: (a) 1 mol/m>, (b) 2 mol/m>, (c) 10 mol/m?>, (d) 20 mol/m?> Span 80

formulations.
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Variation of SDS monomer concentration in the solubilization process. SDS monomer
concentration was analyzed for 1, 2, 10, and 20 mol/m?3 Span 80 formulations after 1 h contact
time with SDS. Results are shown in Fig. 8.4, where Fig. 8.4b is a magnified view of the
micellization curves for 1 and 2 mol/m3 Span 80 formulations. The four curves represent similar
behavior resulting in increased concentration of SDS monomers during the solubilization process
until reaching a constant value. The value of SDS concentration added at the inflection point
represents the CMC of total micellization of niosomes, above which the new SDS amount added
is incorporated as mixed micelles in suspension, while the equilibrium concentration of SDS
monomers remains constant. CMC values of total micellization shown in Fig. 8.4 are 8,9, 12, and
16 mol/m3of SDSfor 1, 2, 10, and 20 mol/m? Span 80 niosomes, respectively. These values match
those previously shown in Table 8.2 from optical density measurements indicating that
solubilization of Span 80 niosomes by SDS is a micellization process. Regarding the 10 and 20
mol/m3 Span 80 niosome solubilization curves, the SDS monomer concentration present in the
suspension before the total micellization is relatively higher for the lower niosome
concentration system (10 mol/m3? Span 80) than that for the higher niosome concentration
system (20 mol/m3 Span 80). This behavior is in agreement with the solubilization of
phospholipid bilayers by SDS described by Deo and Somasundaran [18], which is related to the
larger surface available for the SDS incorporation in the bilayer as the lipid concentration
increases. Oppositely, comparison of systems with 1 and 2 mol/m?3 Span 80 niosomes shown in
Fig. 8.4b reveals that the SDS monomer concentration is higher for the higher niosome
concentration system (2 mol/m3® Span 80). This behavior can be attributed to the high
permeability of the 1 mol/m? Span 80 niosome bilayer, shown in Fig. 8.5, which could facilitate
the rapid formation of mixed micelles, decreasing the concentration of SDS monomers. ATR-
FTIR spectroscopy was used by Chen et al. [17] to conclude that the uptake of SDS in
dipalmitoylphosphatidylcholine follows two routes: the adsorption of SDS on the outer liposome
surface, and the intercalation of SDS into the outer monolayer followed by the transbilayer
migration of the SDS into the inner layer of the liposomes. The intensity of each path depends
on the lipid concentration thus, in the case of 1 mol/m3Span 80 niosomes, it can be deduced
that SDS intercalation by hydrophobic forces is dominant in comparison to surface adsorption,

and SDS rapid migration through the niosome bilayer also occurs due to its high porosity.
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Figure 8.4. (a) Micellization curves of 1, 2, 10, and 20 mol/m? Span 80 niosomes by SDS, (b)

amplified scale for the 1 and 2 mol/m? Span 80 formulations.

Niosome solubilization by SDS was confirmed by TEM measurements. Fig. 8.5 show negative
stain micrographs of 1 and 20 mol/m® Span 80 niosomes in presence of different SDS
concentrations after 24 h contact time. Dark structures shown in these micrographs correspond

to spherical niosomes whose sizes agree with those measured by DLS and shown in Fig. 8.3.
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Fig. 8.5a shows roughly spherical niosomes of 1 mol/m?® of Span 80 without SDS, in which

porosity of external surface can be observed.

The disruption of the bilayer process in presence of 6 mol/m?3 of SDS can be clearly observed in
Fig. 8.5b. Fig. 8.5 also shows micrographs of samples containing 20 mol/m?3 Span 80 niosomes
and different SDS concentrations, before saturation (Fig. 8.5c), before total solubilization (Fig.
8.5d) and after total solubilization (Fig. 8.5e). Adsorption of SDS at the niosome surface is
observed in Fig. 8.5¢ for the sample C20S510, while partial solubilization of niosomes and their
aggregation is observed for the sample C20S15 in Fig. 8.5d. Total solubilization can be seen in
Fig. 8.5e for the sample C20S20, in which the absence of niosomes is confirmed and white air

bubbles with surfactant adsorbed at the interface are also observed.
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(e)
Figure 8.5. TEM micrographs of Span 80 niosomes in the presence of different SDS

concentrations after 24 h contact time: (a) 1 mol/m? Span 80 niosomes without SDS, sample
C1S0; (b) 1 mol/m? Span 80 niosomes with 6 mol/m? SDS, sample C1S6; (c) 20 mol/m? Span 80
niosomes with 10 mol/m?3 SDS, sample C20510; (d) 20 mol/m? Span 80 niosomes with 15
mol/m? SDS, sample C20515; (e) 20 mol/m?> Span 80 niosomes with 20 mol/m? SDS, sample
C20S520. Scale bars: 200 nm (a, b), 100 nm (c, d), and 50 nm (e).

8.4. Conclusions

Simple experiments of contacting Span 80 niosomes (1, 2, 10 and 20 mol/m3), prepared by
ultrasonication, with different SDS concentrations (between 0 and 24 mol/m3), together with
the analytical techniques used (optical density, particle size, {-potential, and ethyl violet method
for the determination of monomeric SDS) have allowed to do an original study, do not previously
reported, on the niosome solubilization process by micellization.

The niosome solubilization is performed by a three-stage process comprising SDS adsorption
until saturation, intensification of the bilayer solubilization, and total solubilization of the
niosomes. The presence of mixed micelles was observed before reaching the saturation point,
indicating that SDS adsorption and mixed micelles desorption in the bilayer take place
simultaneously. Besides, the presence of a few number of niosomes at the total solubilization
points was detected by DLS measurements. The absence of niosomes in formulations with SDS
concentration above the total solubilization points was confirmed by TEM micrographs.
Saturation and total solubilization represent critical points where suspension properties suffer
sharp changes. SDS concentrations of 0, 2, 6 and 12 mol/m?3 for the saturation critical points, and
8, 9, 12, and 16 mol/m?3 for the total solubilization critical points were identified during the
solubilization process of 1, 2, 10, and 20 mol/m? Span 80 niosomes, respectively. Saturation and

total solubilization of niosomes follow linear behavior in the pseudo-phase diagram.
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The concentration of SDS monomers remaining free in the suspension increases with the
addition of SDS, until a constant value is reached. This result indicates that above a certain value
of SDS added to the suspension (CMC of total solubilization of niosomes) the SDS monomer
concentration remains constant, while the concentration of mixed micelles increases. This result
confirms that the solubilization process of Span 80 niosomes by SDS is produced by a

micellization process.

The results of this study could be useful in many chemical and engineering applications that use
surfactants and niosomes, particularly in the growing field of sustainable processes with

biodegradable surfactants.

Supporting information

Size, PDI, and ¢-potential of Span 80 niosomes without SDS at several times after ultrasonication
process, turbidity variation of Span 80 niosomes as a function of SDS concentration, and size and
PDI values after different intervals of contact time with increasing amounts of SDS in niosome

formulations.
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Figure S1. Turbidity variation of Span 80 niosomes as a function of SDS concentration at

different contact times. Niosome formulations: (a) 1 mol/m? Span 80, (b) 2 mol/m? Span 80, (c)
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10 mol/m? Span 80, and (d) 20 mol/m? Span 80.
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Table S1. Size, PDI, and zeta potential of 1, 2, 10, and 20 mol/m? Span 80 niosomes without SDS

at several times after ultrasonication process.

Sample Time (h) Size (nm) PDI Zeta potential (mV)

1 mol/m3 Span 80 niosomes

0.5 245.7 +15.2 0.170£0.042 -3.5%20.6
24 109.1+29.1 0.384 +£0.082 -15.0+2.2
48 149.7+42.0 0.414 £ 0.088 -18.6+3.3
C1S0 72 221.1+51.1 0.465 £ 0.092 -209+5.0
174 183.2+44.2 0.321 £0.039 -24.1+4.7
192 191.7 £ 39.8 0.372+£0.034 -28.6+3.5
222 222.3+5.9 0.358 £0.018 -314+34
2 mol/m?3 Span 80 niosomes
0.66 123.2+3.3 0.348 £ 0.089 -12.0+£2.0
3 170.3+11.1 0.465 +£0.118 -18.7+4.6
26 129.0+2.0 0.260 £ 0.017 -13.6+0.7
€250 46 163.9+73.6 0.380 £ 0.038 -19.3+15
122 145.1+ 8.6 0.358 £ 0.037 -228+24
150 125.7+44 0.372 £ 0.027 -25.316.7
168 1545+1.7 0.367 £0.011 -28.5+£20
194 1445 +6.2 0.275 £ 0.045 —-28.8+4.2
10 mol/m3 Span 80 niosomes
0.5 151.2+4.4 0.229 £ 0.007 -27.1+15
3 149.6+2.3 0.240 £ 0.004 -34.8+0.9
€100 24 151.7 £ 3.7 0.244 £ 0.009 -35.7+15
55 155.2+2.9 0.267 £ 0.030 -37.2+14
74 155.6+4.6 0.241 £ 0.006 -33.8+1.0
98 154.8+4.8 0.235+0.013 -343+0.8
20 mol/m?3 Span 80 niosomes
0.66 180.1£3.2 0.270 £ 0.017 -37.0+£1.3
3 183.4+49 0.280 £ 0.024 -38.5+15
22 187.7+6.3 0.250 £ 0.002 -34510.5
C20S0 48 179.1+4.38 0.257 £0.011 -337+1.1
74 184.8 £ 6.2 0.263 £0.010 -42.6+1.6
94 182.2+2.3 0.265 £ 0.008 -383+1.1
167 185.4+2.6 0.214 £0.033 -39.6+3.8
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Capitulo 9

En este capitulo se estudia la estabilidad y la caracterizacién de niosomas formulados con el
tensioactivo no iénico monooleato de sorbitan (Span 80) modificados con el tensioactivo

catiénico bromuro de cetiltrimetilamonio (CTAB) en medio acuoso y en presencia de sal.

El objetivo de este trabajo fue obtener formulaciones estables de niosomas mixtos de Span 80
y CTAB utilizando la minima concentracion de tensioactivos. Ademas, los resultados facilitan el
uso de CTAB, de gran interés en multiples aplicaciones por sus propiedades antisépticas y
antibacterianas, ya que al al estar adsorbido en la bicapa niosomal se solventan las limitaciones

impuestas por su elevada temperatura de Krafft.

Esta investigacion se desarrolla en dos partes. En la primera se determinan los puntos criticos
de adsorcién maximay solubilizacidn de los niosomas de Span 80 en presencia de CTAB, al objeto
de determinar el diagrama de pseudo-fases. En la segunda parte se analizan determinadas
propiedades de superficie y de agregacion. En concreto se examinan la tension superficial, la
distribucion del tamafio de particula, el potencial zeta, la estabilidad en el tiempo y la
morfologia. Los resultados fueron analizados y comparados con los de los tensioactivos

individuales.

La adicion de sal provoca una disminucion de la concentracion micelar critica (CMC) y de la

tensién superficial de las dispersiones de los tensioactivos.

La presencia de moléculas de CTAB en la bicapa de los niosomas mixtos produce una disminucién
del tamafiio de particula y un aumento de su estabilidad, en comparacidn con las formulaciones
solamente de Span 80. Se verifico la existencia de sinergia en la formacién de niosomas mixtos
en aguay en presencia de 20 y 50 mol/m?3 de sal, mientras que con 80 mol/m?de NaCl se obtuvo

un comportamiento antagdnico entre los dos tensioactivos.

Este trabajo ha sido publicado en la revista Colloids and Surfaces A: Physicochemical and

Engineering Aspects 601 (2020) 124999. https://doi.org/10.1016/j.colsurfa.2020.124999
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9.1. Introduction

Niosomes are vesicles formed by self-assembly of non-ionic surfactants in agueous media that
results in closed bilayer structures. Their use has increased considerably in recent years due to
their practical applications in many fields, such as medicine, cosmetics, food and
pharmaceuticals, mainly due to their ability to microencapsulate compounds of different nature.
They can be an alternative to liposomes due to their biological compatibility, high purity, greater
chemical stability, low toxicity, low cost and better handling and storage [1-4]. Also, the use of
niosomes as extraction agents of solutes present at very low concentration in aqueous solutions
is a new application in the field of sustainable processes that has been explored in previous

works [5-7].

The formation of stable niosomes is a non-spontaneous process that needs some energy input,
so different techniques have been used to form these vesicles [8—10]. Sonication was used in

this work, since it is an easy and fast technique, and does not involve the use of organic solvents.

There are a large number of non-ionic surfactants available, which are non-toxic and relatively
low-cost materials for niosome design, greatly increasing the attractiveness of these vesicles for
industrial production [3,11]. In general, vesicle formation without additives occurs for
surfactants with a very low hydrophilic-lipophilic balance (HLB) at a relatively high surfactant
concentration [12,13]. Sorbitan monooleate (Span 80) is an attractive surfactant because it is
generally recognized as safe (GRAS) by FDA, biodegradable, biocompatible and non-toxic,
features that make it ideal for use in pharmaceutical, cosmetic and food industry. It has a HLB
value of 4.3 and can form stable niosomes with addition of small quantities of additives as ionic
surfactants [7] or cholesterol, widely used in formulations to increase the membrane rigidity

[14]. However, the study on its surface and bulk behavior has hardly been investigated.

Cetyltrimethylammonium bromide (CTAB) is a cationic surfactant with effective antiseptic
properties against bacteria and fungi, which is used in pharmaceutical, cosmetic and food
industries [15]. Micelles are formed above a certain surfactant concentration named critical
micelle concentration (CMC). Above the CMC, the surfactants form micelles which favors their
practical use as encapsulation agents [16,17], drug deliver [18,19] or toxic waste removal

systems [20].
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The adding of additives into associate structure of surfactants will change their physicochemical
characteristic, for instance, the degree of ionization, reaction rates clouding or phase separation
[21-23]. It is well known that CMC of surfactants depend on the electrolyte presence and
temperature because they affect micellization and surface properties. Electrolytes affect the
adsorption of surfactant monomers at the air-water interface because of the decrease of
electrostatic repulsions and consequently the surface tension [19]. Many works [24—-26] show
the CMC decreasing of CTAB with salt addition, particularly Roy et al. [25] prove that CMC
decreases from 0.98 mol/m3 in pure water to 0.47 mol/m3 in 10 mol/m3 NaCl solution, both at

25°C.

Moreover, ionic surfactants work effectively only above a critical temperature called Krafft
temperature (Tk). The T is generally conceived as the melting temperature of a hydrated solid
surfactant [3]. Addition of inorganic electrolytes usually lowers the CMC of surfactants and the
surface activity; however, its effect on T is not clear and depends on the ion common presence.
Roy et al. [25] showed that the T« of CTAB gradually decreases and increases from 24.8 °Cin pure
water with increasing the concentration of Cl- and Br’, respectively. This fact shows that NaCl

addition in CTAB formulations definitely favors their practical use.

The decrease of CMC and T and the simultaneous increase of stability of formulations is the
subject of active research, as both industries and consumers demand to minimize the amount
of surfactant used in the different formulations for health, economic and environment reasons
[27]. In addition to electrolytes [28-30], the use of other additives such as alcohols, sugars, or
mixed surfactant systems are also widely investigated due to their possible synergistic behavior

that improves their properties and promotes new applications [31-33].

The present work focuses on the mixed niosomes of the cationic surfactant CTAB and the non-
ionic surfactant Span 80. Mixed niosomes were formed by sonication of the 20 mol/m?3 Span 80
and 4 mol/m3 CTAB formulations, which are below the saturation line in the pseudo-phase
equilibrium diagram of solubilization of Span 80 niosomes by CTAB. The mixtures in pure water
and NaCl solutions were analyzed by several techniques in order to evaluate their aggregation
and surface properties in comparison with those of the single surfactants. This work can be of
considerable interest from practical and fundamental points of view regarding the formulations

of these mixed systems with respect to their possible use in multiple applications.
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9.2. Materials and methods
9.2.1. Chemicals

The non-ionic surfactant sorbitan monooleate (C,4H4406, Span 80, Sigma-Aldrich), the cationic
surfactant cetyltrimethylammonium bromide (CisH4;NBr, CTAB, 98%, Sigma-Aldrich) and
sodium hydroxide (analysis grade, Scharlau) were used as supplied in the formulations.
Ultrapure deionized Milli-Q water (Millipore, USA), with a conductivity of 0.1 uS/cm, was used

for the preparation of all solutions.

9.2.2. Solubilization experiments of Span 80 niosomes by CTAB

Agueous solutions of single surfactants (Span 80 and CTAB) were prepared 24 h before use, in
order to hydrate and relax the carbonated chains of their molecular structures, weighing out the
exact amounts of each surfactant on an analytical balance (Sartorius, accurate to + 0.0001 g),

and water addition up to a final volume of 100 cm?.

Span 80 niosomes were prepared by direct ultrasonication of 10 cm3 aqueous solutions of Span
80 (5, 10, 15 and 20 mol/m3). The application of ultrasounds was carried out over a 10 min
effective time, with pulses every 5s (5 s on and 5 s off, 60 cycles; 30% amplitude, 500 W), to
avoid overheating of the sample, using a high-intensity ultrasonic processor (Vibra-Cell VCX 500,
Sonics & Materials Inc., USA) equipped with a 3 mm-diameter titanium alloy bicylindrical probe.
Subsequently, the samples were centrifuged (Eppendorf 5804 centrifuge) in 15 cm? polystyrene
centrifuge tubes for 45 min at 9000 rpm, in order to remove traces of metal detached from the

probe.

Niosome solubilization experiments were carried out in 20 cm? blisters by contacting 10 cm? of
each niosome suspension (5, 10, 15 and 20 mol/m?3 of Span 80 in water) with different volumes
of 25 or 50 mol/m3 CTAB aqueous solutions. The composition of CTAB in samples was between
0-24 mol/m3. Samples were maintained in an incubator shaker (Model G25, New Brunswick
Scientific Co.) at 150 rpm and 25 °C during predetermined periods of time (24—72 h), after which

they were analyzed by the under mentioned techniques.
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9.2.3. Mixed niosomes formulation

Mixed niosomes of Span 80 (20 mol/m3) and CTAB (4 mol/m3) were formulated by mixing
appropriate volumes of the single surfactant solutions, previously prepared in water or in
sodium chloride aqueous solutions (20, 50 and 80 mol/m3 of NaCl), applying ultrasounds for 10
min and centrifugation, as described above. This formulation was chosen in light of the
solubilization results of niosomes with CTAB, as will be explained below. Furthermore, for
comparative purposes, the formulations of the individual surfactants (Span 80 niosomes or CTAB
micelles suspensions) were also analyzed without salt and in the presence of the same salt

concentrations as mentioned above.

9.2.4. Analytical Techniques
9.2.4.1. Optical density

A total sample volume of 1.2 cm?® was placed in a quartz cuvette (10 x 10 mm) and its optical
density (OD) was measured at a 350 nm wavelength using a double beam UV-vis
spectrophotometer (Hitachi U-2000). Milli-Q water was used as blank. Previously, it was checked
that the optical density at 350 nm wavelength provided a good sensitivity to the turbidity caused
by the presence of niosomes, whose size is well above than that of smaller size micelles. The

same wavelength was used in previous work on Span 80 niosomes solubilization by SDS [34].

9.2.4.2. Particle size distribution

The mean hydrodynamic diameter (Z-average) and the polydispersity index (PDI) of the samples
were measured by dynamic light scattering (DLS) using a Zetasizer Nano ZS apparatus (Malvern

Instruments Ltd., UK).

9.2.4.3. {~Potential

Measurements were conducted with the aforementioned Zetasizer Nano ZS apparatus, using
the Laser Doppler Velocimetry technique. They were performed on the same sample previously
prepared to measure the particle size, but using the appropriate cell equipped with electrodes

to allow the passage of electric current.
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9.2.4.4. Morphological analysis

It was performed by negative staining transmission electron microscopy (NS-TEM), using a JEOL-

2000 EX-Il TEM operating at 160-180 kV, with an image resolution of 1 nm.

The detailed description of the above mentioned techniques can be found in a previous work

[34].

9.2.4.5. Surface tension

It was measured using an optical tensiometer (Attension Theta 200 Basic Model, Biolin Scientific
Ltd.) by the drop shape analysis method at 20 °C. The apparatus is controlled by a computer
equipped with pendant drop shape image analysis software. Each sample was analyzed over
time. The time needed to achieve equilibrium was between 5 and 30 min depending to the
surfactant concentration in the sample. The instrument was calibrated every day using a 4 mm
diameter tungsten ball and checking the surface tension of distilled water (y = 72 mN/m).
Dispersions containing CTAB (10 mol/m?3) micelles, Span 80 (20 mol/m?3) niosomes, or mixed
niosomes of Span 80 (20 mol/m?3) and CTAB (4 mol/m3), in water or sodium chloride solutions
were diluted with the same solvent and maintained in an incubator shaker at 150 rpm and 25
°C for 24 h. Surface tension measurements were repeated at least twice to check the
reproducibility. Surface tension data vs. time were used for the dynamic analysis of the surface
tension in order to verify the existence of barrier effects to the surfactant adsorption at the
interface. Equilibrium surface tension data vs. logarithm of surfactant concentration were used

to determine the CMC of each formulation.

9.2.4.6. Stability measurement

Formulation stability was determined with a Turbiscan Lab Expert (Formulaction Co., France) by
static multiple light scattering (S-MLS). The samples (20 mL) were placed without dilution in
cylindrical glass cells where a near infrared light of 880 nm wavelength passes through them in
an upward way at pre-set time intervals. Backscattered (BS) light was monitored as a function
of sample height in the measurement cell (about 40 mm) at 25 °C every 5 h for 7 days, and later
every 24 h for 34 days. BS value depends on the wavelength of the incident light. BS intensity
increases with the concentration and the particle size for particles smaller than the incident
wavelength. However, when the particles are larger than the incident wavelength (> 0.8 um),

the BS will decrease as the particle size increases [35-37].
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9.3. Results and discussion
9.3.1. Solubilization of Span 80 niosomes by CTAB

Fig. 9.1 shows optical density (OD) at 350 nm wavelength of samples containing 20 mol/m?3 Span
80 niosomes after prefixed contact times (24, 48 and 72 h) with different amount of CTAB (0-24
mol/m?3). Solubilization curves by CTAB of 5, 10 and 15 mol/m?3 Span 80 niosomes are available

in Fig. S1 (Supplementary data).

It is observed in all Span 80 formulations (Figs. 9.1 and S1) that the OD curves measured at
different contact time (24—72 h) are coincident, which reveals fast solubilization processes. In
the niosome solubilization curves, the point of maximum OD corresponds to the saturation of
the niosomes with CTAB; however, the minimum OD corresponds to the complete solubilization,
where there is no presence of niosomes. Between the two points both niosomes and mixed
micelles, together with the monomers of surfactants, coexist in the equilibrium dispersions.
Critical saturation and complete solubilization points of niosomes move towards higher
concentrations of CTAB as the concentration of Span 80 increases. The composition of the
saturation critical points is confirmed by analysis of the particle size distribution shown in Figs.
9.2 and S2. In these figures, it is possible to discern a first zone at the lower CTAB concentrations,
where values of PDI < 0.3 indicate fairly homogeneous population in particle size, followed by a
second zone with PDI > 0.4 indicating heterogeneous population in particle size due to mixed
micelles formation. The boundary line between both zones corresponds to 0, 2, 4, and 6 mol/m?3
of CTAB for the 5, 10, 15, and 20 mol/m3 Span 80 formulations, respectively, which are consistent

with the saturation points observed from OD data.
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Figure 9.1. Optical density values of 20 mol/m?Span 80 niosomes in water in presence of CTAB.
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Figure 9.2. Mean hydrodynamic diameter (Z-average) and PDI (data over columns) of 20

mol/m?3 Span 80 niosomes in water in presence of CTAB.

The points of saturation and total micellization are depicted in the pseudo-phase equilibrium
diagram shown in Fig. 9.3. The union of the critical points of saturation and solubilization follow
straight lines, according to the behavior observed in the bibliography [34,38,39]. These lines
separate zones with different structures, mixed niosomes in zone below the saturation line,
coexistence of niosomes and micelles in zone between both lines, and mixed micelles above the
solubilization line. Some authors [40,41] have verified the formation of mixed micelles during

the adsorption stage.
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Figure 9.3. Pseudo-phase equilibrium diagram of CTAB — Span 80 niosomes in water.
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9.3.2. Effect of NaCl on aggregation and surface properties

In view of the pseudo-phase diagram shown in Fig. 9.3, the formulation of Span 80 (20 mol/m?3)
and CTAB (4 mol/m3), just below the saturation line, was selected for stable mixed niosomes
formation and to determine their aggregation and surface properties. The presence of different
NaCl concentrations in the formulations is also studied due to its great interest in several food

and biotechnological applications.

Figs. 9.4-9.6 depict the surface tension curves of individual and mixed surfactants (in a 4/20
molar ratio of CTAB/Span 80), respectively. The surface tension curves were used to calculate
the points of inflection which correspond to the critical micelle concentration (CMC) and the

surface tension at the CMC (ycmc).
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Figure 9.4. Surface tension vs. logarithmic concentration of CTAB in pure water and NaCl

solutions (20, 50 and 80 mol/m?) at 25 <C.
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Figure 9.5. Surface tension vs. logarithmic concentration of Span 80 in pure water and NaCl

solutions (20, 50 and 80 mol/m3) at 25 <C.
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Figure 9.6. Surface tension vs. logarithm of the total concentration of surfactants, for mixed
formulations of Span 80 and CTAB (in a 4/20 CTAB/Span 80 molar ratio) in pure water and NaCl
solutions (20, 50 and 80 mol/m?) at 25 <C.
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Additional parameters were studied to evaluate the effect of NaCl on formulations. The surface
tension reduction effectiveness (mcuc), the adsorption efficiency (pCy), the maximum surface
excess concentration in the air-water interface (I'ma), the minimum area per molecule in the
adsorption layer (Amin), the standard Gibbs free energy change of micellization (AG%,), the
standard Gibbs free energy change of adsorption (AG%4s) were calculated using the following

equations [41-43]:

Neme=Yo-Yeme (1)
pC,o= (Memc-20)/2.303nRTl - log CMC (2)
Mmax=-(1/(2.303nRT))(dy/0logC) (3)
Armin=10""/NAT gy (4)
AGP,=(2-0)RTINXcpc (5)
G ,45=AG - (Teme/ Trmax) (6)

where yo is the surface tension of water (72 mN/m), R = 8.314 N m/(mol K) is the ideal gas
constant, Na = 6.023 x 10?® molecules/mol is the Avogadro’s constant, T = 298.15 K the
temperature, Xcuc is the mole fraction of the surfactant at the CMC (Xcme = CMC/55.55, with
CMC expressed in molar concentration), and 0y/dlogC is the slope below the CMC in the surface
tension plots. The parameter “n” in Eqgs. (2) and (3) depends on the number of species
constituting the adsorption layer. For nonionic surfactants, n=1. For 1:1 ionic surfactants, n=2
considering full ionization and absence of electrolytes; however, in presence of high
concentration of electrolytes, n=1 [44]. In this work, the following values of n were used: for
CTAB in water, the degree of counterion dissociation (o) was taken equal to 0.26 [45], and n was
2-0.26 = 1.74. For CTAB in presence of NaCl, n = 1. For the mixed system CTAB/Span 80 (4/20 M
ratio) n was estimated with those values used for the single surfactants multiplied by their mole
fractions in the formulation, thatis: oo = 0.17 x 0.26 =0.04 and n =0.17 x 1.74 + 0.83 = 1.12 for
the mixed system in pure water, and o = 0 and n = 1 in the mixed systems with salt. Results are

shown in Table 9.1.
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Table 9.1. Surface activity parameters of CTAB, Span 80 and CTAB + Span 80 (4/20 M ratio) in the presence and absence of NaCl at 298 K.

NaCl CMC x 10° Yeme X 103 Tieme X 103 I max Anin —AG%, —AG,4s
pCz0 CMC/Cz0 ]
(mol/m3) (mol/dm3) (N/m) (N/m) (mol/m?) (A%?/molec) (kJ/mol) (kJ/mol)
CTAB
0 0.978 36.19 35.81 2.78 0.59 3.78E-06 43.94 27.14 36.62
20 0.698 36.07 36.2 3.83 4.67 4.17E-06 39.82 27.97 36.59
50 0.496 35.85 35.82 3.9 3.97 4.73E-06 35.12 28.82 36.47
80 0.072 35.56 36.73 4.69 3.53 5.26E-06 31.58 33.59 40.52
Span 80
0 0.392 31.9 40.1 3.46 1.13 6.45E-05 2.97 58.81 59.58.
20 0.391 30.24 41.76 3.51 1.26 6.14E-05 2.7 58.73 59.52
50 0.375 28.48 43.52 3.62 1.54 7.92E-05 2.1 59.04 61.04
80 0.347 27.5 445 3.61 1.43 6.36E-05 2.61 59.41 61.02
Span 80 + CTAB
0 0.407 33.51 38.49 3.46 1.18 4.07E-05 4.08 57.45 58.39
20 0.401 28.24 43.76 3.47 1.19 5.57E-05 2.98 58.7 59.49
50 0.395 28.68 43.32 3.48 1.18 5.59E-05 2.97 58.77 59.54
80 0.401 28.58 43.42 3.47 1.18 5.69E-05 2.92 58.69 59.46
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The existence of barrier effects to the adsorption at the air-liquid interface was verified by
means of analysis of the variation of surface tension over time. The equilibrium times were
comparatively shorter as the salt content in the formulations increased. Adsorption dynamic
curves were analyzed by the Wars-Torday model based on diffusion controlled adsorption
mechanism (Eq. (7)), and particularly by their analytical solutions at short time (t—0) and long

time (t—) expressed by Egs. (8) and (9), respectively [45].

=2 \/% [cot2- f; v (7)

’Dst

Vi s 0™ Yo-2nRTC, — (8)
_ + nRT I’,%nax T 9

Vi) t> = VYeq Co ADgst (9)

where Y0 and Yy« are surface tensions at short time and long time, respectively, Ds and Dt
are the monomer diffusion and back-diffusion coefficients, yo and y.q are the equilibrium surface
tension of water and the formulation, Co is the bulk surfactant concentration and Cs and zin Eq.
(7) are the concentration in the subsurface and a dummy variable of integration, respectively.

Egs. (8) and (9) represent a linear behavior of y(t)»o0 and y(t).» data as a function of t¥2 and t-
2 respectively. Ds and Des were calculated through the gradients of the fitted lines obtained

from these plots by using the following equations:

2
gradlrtl/2

o [5255] 10

2
NRT 2 nl/Z]

2 Cpgrad, (11)

Def: [
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Table 9.2. Average values of diffusion coefficients Ds and Der calculated by Eqgs. (10) and (11) for
the different CTAB, Span 80 and CTAB + Span 80 formulations in the absence and presence of

salt.

Surfactant NaCl (mol/m3)  Ds(m?/min) De(m?/min) De/Ds Co(mol/m3)

CTAB 0 1.10E-11 2.18E-12 0.20 0.5
20 3.65E-11 2.88E-12 0.08 0.5
50 5.20E-11 2.24E-12 0.04 0.5
80 1.28E-11 4.53E-11 3.55 0.5
Span 80 0 2.42E-10 7.48E-10 3.10 0.3
20 2.03E-10 1.05E-09 5.19 0.3
50 4.00E-10 1.47E-09 3.68 0.3
80 7.83E-10 1.27E-09 1.62 0.3
Span 80 + CTAB 0 7.66E-10 1.03E-09 1.35 0.3
20 3.02E-10 1.48E-09 4.89 0.3
50 2.59E-10 1.81E-09 6.98 0.3
80 7.97E-10 2.89E-10 2.76 0.3

Results of Ds and Def are shown in Table 9.2. Values of Det/Ds ratio close to 1 mean that adsorption
of surfactant monomers at the air-liquid interface is controlled by diffusion of surfactant
monomers, without the existence of barrier effects to adsorption. However, values of Def lower
than Ds mean that diffusion to the air-liquid interface from an imaginary subsurface very close

to the interface, slows down as the interface becomes more crowded.

9.3.2.1. Effect of NaCl on CTAB micelles

Data in Table 9.1 for CTAB in pure water agree with those published in several works [44,46,47].
It is also observed in Table 9.1 that the CMC of the CTAB surfactant decreases as the salt
concentration increases, indicating a decrease in the concentration of monomers in solution,
which may be due to the screening between the polar heads of the CTAB monomers produced
by the CI" ions, lowering their stability in solution and promoting micellization. The screening
effect that provides the presence of salt also occurs in the layer adsorbed in the air-liquid
interface, which causes an increase in the number of monomers adsorbed providing a decrease

in surface tension. Results are close to those published by Zhang et al. [44].
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It is well-known that the Br ion remains more tightly bound to the polar head of the surfactant
and is less hydrated than the CI ion, so the former neutralizes more the positive charge of the
CTAB head groups. Our hypothesis is that in formulations with 20 and 50 mol/m? of salt, part of
the Br ions remains still associated with the head group attenuating the repulsions between the
polar heads of the monomers adsorbed at the interface, so the presence of salt does not have
the expected effect on the decrease in surface tension. In the formulation with 80 mol/m? of
salt, practically all the Brions have been replaced by the CI" ions which are more dissociated, so
that the screening effect provided by the presence of Cl ions is more effective, facilitating the
compaction of the adsorbed layer (increase of I'max and reduction of the Amin) and the decrease
in surface tension. As a result, both effectiveness (mcwc) and efficiency (pCx) increase
significantly in the formulation with the highest salt content. Negative values of AG%, and AG%qs
indicate that micellization and adsorption are spontaneous processes with higher trend to

adsorption than micellization, according with CMC/Cy values higher than one.

Data of Des and Ds for CTAB surface adsorption shown in Table 9.2 are similar to those published
by Zhang et al. [44]. It is observed that Det/Ds rates are lower than 1 in formulations with pure
water and 20 and 50 mol/m3 NaCl; however, it is close to 1 in the 80 mol/m? NaCl formulation.
This fact suggests that the barrier effects to adsorption are fundamentally of electrostatic

character as it decreases in the presence of high salt content.

The NaCl presence affects the CTAB aggregation properties. Fig. 9.7 shows DLS results of the
CTAB dispersions in pure water and with 20 mol/m3 NaCl, after 24 h from its preparation. The
absence of micelles can be observed in samples with CTAB concentrations lower than CMC,
although large pre-micellar aggregates are observed. Furthermore, in the salt-free formulation
(Fig. 9.7a) a decrease in micelle size is clearly observed when CTAB concentration increases. In
the formulations with 20 mol/m3 of NaCl (Fig. 9.7b) micelles are quite larger than in pure water.
It is also observed that the increase in CTAB concentration induces a slight decrease in the size
of the micelles and a significant increase in the intensity of the diffracted light. It should be noted
that large particles scatter much more light than small ones because the intensity of scattering
of a particle is proportional to the sixth power of its diameter. These facts show that in presence
of 20 mol/m3 NaCl the increase in CTAB concentration mainly yields the increase in the number
of micelles at the expense of the most unstable pre-micellar aggregates, which demonstrates
that the presence of salt favors micellization. Fig. 9.7c shows a larger micelle size with an
increasing NaCl concentration due to the increase in its aggregation number. {-potential of these
CTAB dispersions (10 mol/m3 CTAB) in the absence and presence of NaCl, measured after 24 h

from their preparation, were 55, 39, 28 and 18 mV, which shows the increasing instability of
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these dispersions by increasing the salt content. Backscattered light (BS) of these formulations
throughout 32 days are depicted in Fig. S3. They show BS fluctuations in all formulations that
indicate lack of homogeneity. The same samples analyzed by BS were then analyzed by DLS and
{~potential. The average sizes were between 225 and 420 nm with very high PDI values (between
0.5 and 0.7), which indicates a high polydispersion in sizes for all formulations after 32 days from
their preparation. C-potential of these dispersions was between 4 and 5 mV, confirming their

loss of stability over time.
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Figure 9.7. DLS results of CTAB dispersions in pure water and in presence of NaCl measured 24
h after formulation. a) CTAB in pure water. b) CTAB in 20 mol/m?3 NaCl solutions. c)
Formulations of 10 mol/m?® CTAB in pure water and 20, 50 and 80 mol/m? NaCl solutions. Data

in the inserted tables correspond to the small micelles.

9.3.2.2. Effect of NaCl on 20 mol/m3 Span 80 niosomes

A decrease in CMC and the ycmc for the Span 80 surfactant was observed in Table 9.1 with
increasing NaCl concentration. This behavior leads to increasing values of effectiveness (mcmc)
and efficiency (pCao), whereas increasing I'max and decreasing Anin Values are also observed in
Table 9.1 as the salt concentration increases, according to the decrease of ycwc. The values of
AG%, and AG%qs are very close, indicating that micellization and surface adsorption are
spontaneous processes with a similar tendency, regardless of salt concentration, in coherence

with the values just higher than the unit of the CMC/Cy ratios.

D; values shown in Table 9.2 are one order of magnitude less than Def, both in the presence and
absence of salt, leading Det/Ds ratios lower than 10 in all cases. These results reveal the absence
of barrier effects to the adsorption at the air-liquid interface, being diffusion the mechanism
that controls the interfacial adsorption. However, the fact that Der > Ds indicates the existence
of unstable aggregates in the region near the interface (subsurface) that release monomers,

which increasing the driving force for the diffusion of the monomers towards the interface.

Table 9.3 shows the mean values of the particle diameter, PDI and {-potential of the different
formulations of Span 80 surfactant after 32 days from their preparation. In the formulations

without salt and with 20 mol/m? of NaCl, low values of PDI and high absolute values of £
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potential indicate that dispersions, formed by negatively charged niosomes with a size around
200 nm, are stable. Formulations with a high NaCl concentration contain much larger particles
(> 0.8 um) and much more unstable. It must be pointed out that although Span 80 is a non-ionic
surfactant, Span 80 niosomes have negative charge ({-potential = —42 mV) due to the tendency
of hydroxyl groups to adsorb on their surface. Na* ion has high hydration capacity, so its
presence in the formulation medium increases hydrophobic interactions and decreases CMC.
The Na* ions have a stabilizing effect of the niosomal bilayer at low concentration, reducing the
volume of the aggregates. However, the presence of a large amount of Na* ions in the
formulations with 50 and 80 mol/m?3 of NaCl causes a strong screening effect that weakens the
electrostatic repulsions between the negatively charged niosomes and increases their instability

in suspension, facilitating the formation of large aggregates.

Table 9.3. Results of DLS and {-potential of 20 mol/m? Span 80 niosomes measured 32 days

after preparation.
Formulation Size (nm) PDI ¢-potential (mV)
Span 80 without NaCl 205 0.289 -41.9
Span 80 with 20 mol/m? NaCl 179 0.151 -52.4
Span 80 with 50 mol/m3 NaCl 803 0.550 -17.2
Span 80 with 80 mol/m3 NaCl 1158 0.405 -12.4

DLS curves of Span 80 suspensions (20 mol/m3) without and with NaCl after 7 days from their
preparation are depicted comparatively in Fig. 9.8. The presence of 200-300 nm diameter
niosomes in the formulations without and with 20 mol/m?3 of NaCl is observed. The formulation
of Span 80 surfactant with 50 mol/m? NaCl shows particles around 800 nm in size that can be
produced by association of niosomes in a medium strongly screened by the presence of salt. In
the formulation with 80 mol/m? of NaCl, the particles show an average size of 300 nm, which

indicates much smaller aggregates than those shown in Table 9.3 for this same formulation.

The explanation for this result is probably due to the fact that these aggregates have been
formed by the association of Span 80 micelles from the previously breaking of the niosomes in
the presence of 80 mol/m? of NaCl. This hypothesis is based on the S-MLS results shown in Fig.

9.9, as discussed below
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Figure 9.8. DLS results of 20 mol/m? Span 80 niosomes without and with NaCl (20, 50 and 80

mol/m3) measured 7 days after preparation.

Fig. 9.9 depicts BS results of Span 80 formulations recorded for 7 days (Figs. 9.9a1, 9.9b1, 9.9¢c1
and 9.9d1) and 32 days (Figs. 9.9a2, 9.9b2, 9.9c2 and 9.9d2) immediately after their preparation.
It is observed that the dispersion without salt is stable for 32 days, with a slight decrease in the
height of the foam at the top of the flask. The presence of 20 mol/m? of NaCl hardly affects BS
profiles during the first 7 days (Fig. 9.9b1), however for longer times an increase in BS from 20%
to 27% is observed (Fig. 9.9b2) which can be due to the increase in the number of particles in
suspension. In formulations with 50 and 80 mol/m? of NaCl, the BS decreases from 13% to 5%
(Fig. 9.9c2) and from 13% to 11% (Fig. 9.9d2), respectively, after 32 days from the sample
preparation. As stated before, BS is related to the concentration and size of the particles. The
BS increases with increasing particle concentration and the size of the aggregates, if they are
smaller than the wavelength of the incident light (A = 0.8 um). However, the BS decreases when
the size of the aggregates is greater than the mentioned wavelength [34]. Therefore, the
decrease in BS indicates the presence of large particles (> 0.8 um), together with a smaller
amount of particles in suspension. This fact is significant in Fig. 9.9d2 where accumulation of

particles at the bottom of the flask is observed.

The small number of particles in the suspension justifies the smaller decrease of BS observed in
Fig. 9.9d2 compared to Fig. 9.9c2. The instability of these formulations is due to the presence of
a large quantity of Na* ions that screen the electrostatic repulsions between negatively charged

niosomes, making them unstable in solution. Figs. 9.9c1 and 9.9d1 correspond to the BS profiles
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recorded during the first 7 days. They show the BS decrease (from 12 to 5%) and the increase
(from 4 to 15%) in the formulations with 50 and 80 mol/m3 of NaCl, respectively. This behavior
indicates, as already mentioned, the presence of particles larger than 0.8 um in the formulation
with 50 mol/m? of salt. However, the BS increase in Fig. 9.9d1 indicates the breaking of the
niosomes and the proliferation of large number of small Span 80 micelles which, in turn, are
unstable and aggregate in larger formations, but smaller than 0.8 microns (as observed in Fig.
9.8), significantly increasing the BS to values around 15% in Fig. 9.9d1. This phenomenon shown
in Fig. 9.9d1 is known as "Ostwald ripening” [43,44]. Results shown in Figs. 9.9d1 and 9.9d2
indicate that Span 80 niosomes break in 80 mol/m3® NaCl solutions and then form large

aggregates (> 0.8 um, see Table 3) that tend to precipitate.
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Figure 9.9. Evolution of BS profiles over time for 20 mol/m? Span 80 niosomes in pure water (a1l

and a2) and in 20 (b1 and b2), 50 (c1 and c2) and 80 mol/m?3 (d1 and d2) NaCl solutions,

measured for 7 days (al, b1, c1 and d1) and 32 days (a2, b2, c2 and d2) after preparation.
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TEM images confirm previous results. They show that in the absence and presence of 20 mol/m?3
of NaCl (Figs. 9.10a and 9.10b), the niosomes remain independent and stable in solution, with
sizes around 200 nm, in agreement with DLS measurements shown in Table 9.3. The small
difference in size between both techniques is due to the fact that in TEM the vesicles adsorbed
on the copper grid where the sample is deposited are reduced in size, resulting in slightly smaller
aggregate sizes than by DLS [39]. Fig. 9.10c shows the rupture of the niosomal bilayer in the
presence of 50 mol/m? of NaCl. Fig. 9.10d shows large aggregates in the formulation with 80
mol/m3 of NaCl that coming from associations of condensed phase after niosomes breakup and
are coincident in size with those of Table 3. Moreover, the sample with higher NaCl content is
very transparent, indicating the presence of very few particles in suspension due to precipitation
of condensates, which justifies the smaller decrease of the BS observed in Fig. 9.9d2, as it was

abovementioned.

Figure 9.10. TEM images of 20 mol/m?Span 80 dispersions in pure water (a) and in 20 mol/m?
(b), 50 mol/m? (c) and 80 mol/m? (d) NaCl solutions. Scale bars: 0.2 um (a, b), 0.1 um (c) and 50
nm (d).
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9.3.2.3. Effect of NaCl on mixed niosomes of Span 80 (20 mol/m?3) and CTAB (4 mol/m3)

Table 9.1 shows that the CMC and ycuc of the Span 80 and CTAB mixed niosomes have
intermediate values between those of the pure surfactants. The addition of NaCl hardly changes
the CMC value and nevertheless causes a significant decrease of ycmc with respect to the
formulation without salt, with similar values in the three salt formulations tested. They show
slight increase in the efficiency, mcuc, and the maximum surface concentration, I'max, With
respect to the salt-free formulation. Accordingly, a decrease in Ami, in the presence of electrolyte
is observed. Free energy values indicate that both adsorption and micellization are spontaneous
processes in all formulations tested, with similar values to those of Span 80 in the absence of
CTAB. The CMC/Cy ratios close to the unit indicates very similar trends for adsorption and

micellization.

The diffusion coefficients, Ds and Des, for these mixed systems are shown in Table 9.2. As it can
be seen, Ds and Der are practically of the same order of magnitude, which disregards the

presence of barrier to adsorption at the liquid-air interface.

Table 9.4 reports the values of size, PDI and ¢-potential of the mixed niosomes after 35 days
from their formation. Positive {-potentials reveal the adsorption of CTAB in the niosomal bilayer.
The low PDI values indicate size homogeneity in all formulations, which are lower than
formulations of single Span 80. Size increases in the presence of 50 and 80 mol/m?3 of electrolyte,

in accordance with TEM images and BS results, as discussed below.

Table 9.4. Size, PDI and {-potential for the different formulations of the mixed niosomes of

Span 80 (20 mol/m?3) and CTAB (4 mol/m?3) 32 days after preparation.

Formulation Size (nm) PDI {-potential (mV)
Span 80 + CTAB 90.16 0.276 51.0
Span 80 + CTAB + 20 mol/m? NaCl 120.6 0.252 74.8
Span 80 +CTAB + 50 mol/m?3 NaCl 224.6 0.293 67.7
Span 80 +CTAB + 80 mol/m?3 NaCl 211.1 0.262 52.3
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The variation of BS for mixed niosomes in the absence and presence of NaCl is shown in Fig.
9.11. Stability in the salt-free formulation (Fig. 9.11a) and in the presence of 20 mol/m? of NaCl
(Fig. 9.11b) is observed during the 32 days of testing. The formulation with 50 mol/m?3 of NaCl
(Fig. 9.11c) shows slight increase of BS over time (from 16% to 20%) and decrease of particles
number in the top of the sample. In the formulation with 80 mol/m? of NaCl (Fig. 9.11d), the BS
increase is even more marked (from 13% to 20%) and, like the previous formulation, is due to

the increase in the particle size.

TEM images show spherical mixed niosomes in the salt-free formulation (Fig. 9.12a), smaller
than those of Span 80 alone and stable in dispersion, with no aggregations, corroborating the
BS and DLS results. In the presence of 20 mol/m3 of NaCl (Fig. 9.12b), the TEM image shows small
size particles (120 nm) that remain stable in dispersion. In the formulations with 50 and 80
mol/m3 of NaCl (Figs. 9.12e—h) niosome associations of irregular form due to physical bonds
between neighboring niosomes are observed; however, they are stable in dispersion, without
presence of precipitates. Unlike the Span 80 formulation alone, the positive charge of the mixed
niosomes, as indicated by the ¢-potential in Table 9.4, makes them remain stable in the bulk

phase.
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Figure 9.12. TEM images of mixed niosomes of Span 80 (20 mol/m?) and CTAB (4 mol/m?) in
pure water (a, b) and in 20 mol/m? (c, d), 50 mol/m? (e, f) and 80 mol/m? (g, h) NaCl solutions.
Scale bars: 1 um (c, e), 0.5 um (a, g), 50 nm (b, f, h) and 20 nm (d).
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The aggregation tendency of a mixture of surfactants can be very different from that of pure
surfactants. There are different theories and models that describe molecular interaction.
According to the theory of regular solutions formulated by Holland and Rubingh [50], the nature
and strength of the interaction between two surfactants can be evaluated through the value of
the interaction parameter in the formation of mixed aggregates in an aqueous medium (4v).
The molar fraction of component 1 in the mixed aggregate (x1) and A" can be calculated by

solving the following equations:

| ()

L) .

where C{V’, Cé”, and C{"é are the CMC of single and mixed surfactants, respectively. In this work,
1 refers to CTAB, 2 to Span 80, and 12 refers to the 4/20 molar ratio mixture of both surfactants
(molar fraction oz = 0.16). The value of 5 can be negative, positive or zero, revealing synergism,
antagonism or ideal mixing, respectively, of the surfactants in the formation of aggregates [31]
If the behavior is ideal, the CMC of the mixture (C;,) can be described by the following

expression [51]:

¥ =—M+_— (14)

In a mixture of surfactants, the mixture of hydrophobic chains can be considered as an ideal
process in which the free energy of the system decreases when the chain of surfactant moves
from a monomeric phase to the aggregates phase. However, interactions between head groups
can be considered non-ideal. The difference between € and C;, is indicative of the non-ideal
nature of the interaction [31,46,52]. The molar fraction in the ideal mixture aggregate can be

calculated by the following relation:

X* _ cxlczM
17y e+ (1-ap)CY!

(15)
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The activity coefficients (f; and f;) of the surfactants within the aggregates are related to the

parameter 4" by the following expressions:
fi= eXp[BM(l'Xl)Z] (16)

fo=exp[B" (x1)?] (17)

Values of f; and f, different from the unit indicate no ideality of the mixture in the aggregate.
The activity coefficients can be used to calculate the excess free energy of the mixture (AGex),
by Eq. (18). Negative values of AGe reveal that mixed aggregates are more stable than those

formed by individual surfactants. Results are reported in Table 9.5.

AG,=RT[xqInf;+(1-x1)Inf, ] (18)

Table 9.5. Physicochemical parameters for Span 80 and CTAB mixed niosomes in pure water

and in presence of NaCl, evaluated from surface tension measurements.

"
Nacl n (CM/CH) X Ciz X o . ‘o AGex
(mol/m3) (mol/m3) (kJ/mol)
0 0.921 0.074 0.436 0.46 -6.512  0.150 0.252 -4.010
20 0.403 0.100 0.422 0.46 -4.890 0.223 0.371 -2.675
50 -1.492 0.131 0.391 0.44 -3.997 0.285 0.461 —2.441
80 -1.491 0.471 0.203 0.39 2.333 2.356 1.436 1.391

The fulfillment of the following two conditions indicates synergism in the formation of mixed
aggregates: BM<0and |BM| > |Ln(CM/C})| [53]. This is the case for the salt-free and 20 and 50
mol/m3?® NaCl formulations. It means that the attractive interactions between the two
component molecules are stronger than the interactions between the same molecules. For
these formulations, C is less than Cj, (see Table 9.1), which means that formation of
aggregates occurs at a lower concentration than the ideal mixing. However, in the formulation
with 80 mol/m3 of NaCl, M >0and |BY| > |Ln(CM/C}?)| indicate antagonism, which means that
the repulsive forces between the different surfactant molecules are stronger than the repulsive

forces between the same surfactant molecules. Furthermore, the X; values are greater than X;*
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ones in all formulations, except for the formulation with 80 mol/m3 NaCl, indicating that the

mixed aggregates are rich in CTAB, compared to the ideal state.

AGey is negative in all the formulations, except in the 80 mol/m3? NaCl formulation, and its
magnitude decreases with the salt content. This suggests that the higher the salt concentration,
the less stable aggregates are formed, which can be explained in terms of electrostatic
repulsions between the polar heads of the surfactants in the bilayer, stronger at higher salt

concentration.

9.4. Conclusions

Surface and aggregation properties of individual and mixed systems of the non-ionic surfactant
Span 80 (20 mol/m3) and the cationic surfactant CTAB (4 mol/m3), in salt-free water and in the
presence of NaCl (20, 50 and 80 mol/m?3) have been studied in this work. The addition of NaCl
favors the aggregation process of the CTAB surfactant in large but unstable micelles over time,
decreasing the CMC with slight changes in surface tension, except in the presence of 80 mol/m3
of salt where the surface tension is significantly low. Although both the micellization and
adsorption processes are spontaneous, the presence of NaCl reduces the barriers to adsorption

and is thermodynamically more favored than micellization.

Span 80 niosomes are stable in salt-free formulation and in the presence of 20 mol/m? of NaCl.
Above this salt concentration large aggregates are formed, and in formulations with 80 mol/m3

of NaCl the breaking of niosomes and the formation of Span 80 precipitate occur.

The mixed niosomes of Span 80 (20 mol/m3) and CTAB (4 mol/m3) are positively charged
structures. In the absence and presence of low salt concentration (20 mol/m3), the mixed
niosomes are spherical, very stable in the bulk, and smaller in size than those of Span 80 alone.
However, for high NaCl concentrations (50 and 80 mol/m?3), mixed niosomes slightly increase in
size due to associations between them, but they remained stable for 32 days in which neither
rupture nor formation of precipitates occur. Synergism between surfactants is observed in salt-
free water formulations and with 20 and 50 mol/m? of NaCl, in which the formation of
aggregates occurs at a concentration lower than the ideal. For these formulations, the niosomal
bilayer is rich in CTAB, compared to the ideal state. Mixed niosomes formulated in presence of
80 mol/m? of NaCl are unstable over time, and antagonism between surfactants was found in

this formulation. These results shed light on the possibility of using CTAB adsorbed on mixed
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niosomes, taking advantage of its antiseptic and antibacterial properties highly appreciated by

the industry, and solving the limitation imposed by its high Krafft temperature.

Supplementary data

Turbidity variation at 350 nm wavelength of Span 80 niosomes (15, 10 and 5 mol/m?) in water
as a function of CTAB concentration; size and PDI values after different intervals of contact time
with increasing amounts of CTAB in niosome formulations; and evolution of BS profiles over time

for CTAB (10 mol/m3) micelles in pure water and in NaCl solutions.
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Figure S1. Solubilization curves of 15 mol/m? (a), 10 mol/m? (b) and 5 mol /m? (c) Span 80
niosomes in water by CTAB at different contact times.
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Las conclusiones generales de la investigacién realizadas en esta Tesis Doctoral son las

siguientes:

- Se ha verificado que los niosomas mixtos formulados con el tensioactivo no iénico Span 80
en una concentracion de 20 mol/m3, modificados con pequefias cantidades del tensioactivo
anidnico dodecil sulfato sddico SDS (inferiores al punto critico de saturacion en la bicapa) y
estabilizados mediante ultrasonidos, pueden ser utilizados como agentes de extraccién del

acido lactico en medios acuosos diluidos.

- El grado de extraccion del acido lactico estad afectado por la concentracién de SDS utilizada
en la formulacién de los niosomas, el volumen de la fase dispersa anadida, el pH, y la
concentracién de 4cido lactico en la alimentacidn; siendo éstos los pardmetros de control

para la optimizacidn del proceso de extraccion del acido lactico.

- Seobservé que, para una misma concentracion de acido lactico en la fase continua, el grado
de extraccién disminuia al aumentar el volumen de fase dispersa afiadida, y ademas el
grado de extraccion fue maximo en las experiencias realizadas con valores intermedios de
concentracién de acido lactico. Este resultado reveld la existencia de una relacién molar

Optima entre la concentracion de SDS y la de acido lactico.

- Losvalores dptimos que proporcionan el mayor grado de extraccion del dcido lactico fueron
un pH alrededor de 2, una concentracién de SDS en la formulacidon de niosomas de 4 mol/m?3
y una relacién molar SDS/4acido lactico de 0,010, obteniendo con estas condiciones un grado

de extraccion maximo del 33%.

- Se observé que los niosomas tienen mayor afinidad (mas del doble) por la especie no
disociada del acido lactico, lo que demuestra la optimizacién del proceso al trabajar a pH
por debajo del pKa del acido (pKa = 3,86). Al aumentar el pH del medio, el grado de
extraccion del acido lactico disminuye hasta ser nulo a un pH > 12. Estas condiciones fueron

las utilizadas para realizar la etapa de reextraccion.

- El estudio de las cinéticas de extraccidn revelé tiempos de equilibrio en torno a 40 min,

independientemente del pH de la dispersion.

- La etapa de concentracidn puede realizarse adecuadamente utilizando membranas planas
de microfiltracidn de TiO, con un tamafio de poro de 0,20 um y aplicando una presidn de

0,3 bar. Se obtuvieron rechazos totales de los niosomas, con altas densidades de flujo de
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permeado (J, = 27 L/m? h) que permanecieron constantes durante todo el proceso hasta

un factor de concentracion en volumen de 2,5.

- Para aumentar la eficacia, la extraccion del acido lactico puede realizarse mediante un
proceso en multiples etapas en el que el permeado obtenido tras la etapa de concentracién
mediante microfiltracién (o ultrafiltraciéon) debe someterse a una nueva etapa de
extraccién, con la adicion de fase dispersa fresca (niosomas mixtos) en las condiciones
Optimas anteriormente expuestas y durante un tiempo de 40 min para alcanzar el

equilibrio, tras el cual puede ser concentrado de nuevo mediante membranas.

- El proceso de reextraccion se realiza adecuadamente modificando las condiciones del
medio por adicién de NaOH hasta pH > 12. A este pH, se ha observado la ruptura de la
bicapa niosomal y la liberacidn del ion lactato. Las cinéticas de reextraccidn arrojan valores

de equilibrio en torno a 40 min.

- Las fracciones de retenido, obtenidas tras las etapas de concentracion, pueden someterse
a una etapa de reextraccion a pH > 12 vy, transcurrido el tiempo de equilibrio, las fases

pueden ser separadas por ultrafiltracion.

- Las membranas planas de ultrafiltracion de ZrO, demostraron un gran potencial para
emplearse en la etapa de reextraccion a pH > 12, ya que mostraron mayores flujos de
permeado que las de microfiltracién y menor disminucién del flujo de permeado respecto

al agua pura, es decir, menor ensuciamiento.

- Se observo que existe un comportamiento antagdnico entre el rechazo del SDS y el flujo de
permeado. Bajo las condiciones de la etapa de reextraccion, en presencia de elevadas
concentraciones de NaOH, al aumentar el flujo de permeado, parte de las moléculas de SDS
adsorbidas en la membrana o acumuladas en la capa de polarizacién atraviesan la

membrana, disminuyendo el rechazo al SDS.

- La optimizacion del proceso de reextraccion para la separacion del lactato sodico de los
tensioactivos se consiguid mediante el empleo de membranas de 15 kDa con una presidn
transmembranal de 2 bar. Se obtuvieron rechazos al ion lactato inferiores al 5%, y del 87,3%

y 100% para los tensioactivos SDS y Span 80, respectivamente.
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- A pH > 12 Ia retencion por la membrana de ultrafiltracién de los tensioactivos Span 80 y
SDS estd influenciada por tres efectos: el efecto de tamizado de la membrana sobre las
micelas mixtas y grandes agregados de Span 80, la descompactacién de la capa de
polarizacidon por el exceso de iones Na'y el apantallamiento de la superficie de la
membrana, que se encuentra cargada negativamente por ser el pH mayor que el punto
isoeléctrico (Pl = 4,1). Los dos ultimos factores contribuyen a favorecer la permeacién de
mondmeros de SDS al aumentar el flujo de permeado por incremento de la presién, ya que

el flujo de permeado esta controlado principalmente por conveccion.

- Laformulacién niosomal utilizada en estos trabajos, con los tensioactivos Span 80y SDS, es

atractiva debido a su bajo precio, su caracter biodegradable y por ser sustancias no toxicas.

- La presencia de SDS en las formulaciones de niosomas de Span 80 tiene efectos diferentes
en funcién de las concentraciones de ambos tensioactivos en la formulacién. En general, la
interaccion se puede describir mediante un proceso en tres etapas que se producen de
forma sucesiva al crecer la concentracién de SDS: adsorcién del SDS en la bicapa niosomal
hasta alcanzar la saturacidn, a partir de ese punto comienza la solubilizacién de la bicapa

niosomal, y finalmente se produce la solubilizacion total de los niosomas.

- Se ha comprobado que la adicidn de SDS por encima del valor critico de solubilizacién total
de los niosomas produce un aumento del nimero de micelas mixtas, mientras se mantiene
constante el nimero de mondmeros de SDS en disolucidn. Este hecho corrobora que el

proceso de solubilizacién de los niosomas se produce por micelizacion.

- Se ha detectado la presencia de micelas mixtas en concentraciones de SDS inferiores al
valor de saturacidn, indicando que la adsorcion de mondmeros de SDS y la desorcidn de
mondmeros de Span 80 de la bicapa niosomal se produce de forma simultanea para formar

dichas micelas mixtas.

- Se determinaron las concentraciones de SDS y Span 80 en los puntos criticos de saturacion
y solubilizacidn total. Las concentraciones de saturacion son 0, 2, 6 y 12 mol/m?3 de SDS y
las de solubilizacidn total 8, 9, 12 y 16 mol/m3de SDS para formulaciones de 1, 2, 10 y 20
mol/m® de Span 80, respectivamente, en agua. Estos valores configuran un

comportamiento lineal en el diagrama de pseudo-fases en equilibrio.

Tesis Doctoral 229



Conclusiones generales

- Se determind el diagrama de equilibrio de pseudo-fases para el sistema Span 80 y el
tensioactivo catidnico CTAB en agua. Los puntos criticos de saturacidn se corresponden con
las concentraciones de 0, 2, 4 y 6 mol/m3 de CTAB y los de solubilizacién total con 4, 6, 8y
10 mol/m® de CTAB en formulaciones con 5, 10, 15 y 20 mol/m® de Span 80,

respectivamente.

- En formulaciones de CTAB solo, la presencia de NaCl favorece la adsorcion superficial
(reduccién de la tension superficial) y la formacidn de micelas. Los fenédmenos de adsorcién
superficial estan impedidos por fendmenos electrostaticos, los cuales disminuyen a medida
que aumenta el contenido de sal. En presencia de 80 mol/m3® de NaCl desaparecen
completamente las barreras a la adsorcién superficial y el control es exclusivamente
difusional. La presencia de NaCl reduce las barreras a la adsorcion y la favorece

termodinamicamente frente a la micelizacién.

- Los niosomas de Span 80 son estables en agua y en presencia de 20 mol/m3 de NaCl.
Cantidades mayores de sal provocan inestabilidad y formacién de grandes agregados.

Incluso se ha observado la formacidn de precipitados en presencia de 80 mol/m3 de NaCl.

- Los niosomas mixtos de Span 80 (20 mol/m3) y CTAB (4 mol/m3) en agua y en presencia de
una pequefia concentracién de sal (20 mol/m3) son de menor tamafio y mas estables que
los de Span 80 solo. Mayores cantidades de sal provocan un fuerte aumento del tamafio de
los agregados que, no obstante, se mantuvieron estables en el medio de dispersién durante
mas de 32 dias de ensayo, sin observarse cambios en el tamafio ni formacién de
precipitados. Los estudios termodindamicos revelan sinergismos en la formacion de
agregados mixtos de Span 80 y CTAB en agua y en concentraciones de 20 y 50 mol/m3 de

NaCl, mientras que existe antagonismo en presencia de 80 mol/m3 de sal.

- Los niosomas mixtos de Span 80 y CTAB tienen carga positiva, lo que indica adsorcién de
CTAB en la membrana niosomal. Este prometedor resultado abre la posibilidad de usar
estas estructuras estables en diversas aplicaciones que utilizan CTAB por sus cualidades
antibacterianas y antisépticas, solventandose asi la necesidad de trabajar a temperatura

superior a la temperatura de Krafft (24,8 °C en agua pura).
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