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RESUMEN

El sector agroalimentario constituye una de las industrias con mayor relevancia
internacional, ya que se encarga de abastecer a una poblacion mundial en continuo
crecimiento. Entre los alimentos mayormente elaborados y comercializados a nivel
global, se encuentra el aceite de oliva, que es el mayor exponente de la Dieta
Mediterranea. Durante su produccion, se generan grandes volumenes de subproductos,
entre los que destaca el alperujo, que contiene todos los restos de la aceituna que
permanecen una vez que se ha extraido el aceite. Se trata de un subproducto con una
elevada carga organica, lo que puede suponer un riesgo ambiental si no se gestiona
adecuadamente. Por otro lado, el alperujo es rico en compuestos fendlicos, los cuales
tienen un elevado interés industrial, debido, principalmente, a sus potentes propiedades
antioxidantes. Este contenido en compuestos bioactivos representa una oportunidad
excelente para valorizar el alperujo, recuperando compuestos de interés v,

simultaneamente, reduciendo la carga contaminante del residuo.

En la presente Tesis Doctoral, “Implementacion de Tecnologia de Membranas para
la valorizacion de los compuestos fendlicos presentes en las aguas residuales de la
industria de produccidn de aceite de oliva” se ha abordado este reto, en el marco de la

Tecnologia de Membranas, contribuyendo a la economia circular de la industria oleicola.

En primer lugar, se llevo a cabo la optimizacion de un proceso de extraccion sélido-
liquido asistida por ultrasonidos, para extraer los compuestos fendlicos presentes en el
alperujo. Se obtuvieron resultados satisfactorios tanto con mezclas de etanol/agua como
con agua pura. Ademas, empleando técnicas analiticas avanzadas, se llevd a cabo una
caracterizacion detallada de los metabolitos presentes en los extractos derivados del
alperujo, de forma que se determinaron mas de 50 compuestos, pertenecientes a

diferentes familias quimicas.

A lo largo de las siguientes etapas del proceso, se emplearon tanto los extractos
obtenidos con etanol/agua 50:50 (v/v) como los extractos acuosos. En cuanto a estos
ultimos, se trataron mediante ultrafiltracion, estudiando las membranas UP005, UH030,
UHO050 y UP150 (Microdyn Nadir) y seleccionando las membranas UP005 y UHO030,
debido a su adecuada productividad y eficacia en términos de rechazo a la demanda
guimica de oxigeno. Los compuestos fendlicos fueron recuperados con mayor pureza en
el permeado de este proceso. A continuacidn, la corriente de permeado obtenida
durante la etapa de ultrafiltracion fue sometida a un proceso de nanofiltracidn,
empleando la membrana NF270 (DuPont), para llevar a cabo la concentracion de los
compuestos fendlicos previamente purificados. Ademas, se demostrod la viabilidad de

esta membrana, NF270, para separar compuestos fendlicos de bajo peso molecular y
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azucares, empleando disoluciones modelo con una composicién basada en las aguas

residuales de la industria oleicola.

Los extractos hidroalcohdlicos de alperujo también fueron tratados mediante
procesos de membrana. Previamente, se llevd a cabo una revision exhaustiva de la
literatura cientifica relacionada con la ultrafiltracién en medio orgdnico, analizando los
efectos de los disolventes en las membranas y las estrategias para preservar su
integridad y rendimiento. A continuacion, se evalud un proceso de ultrafiltracién para
purificar los extractos de alperujo preparados con etanol/agua 50:50 (v/v), obteniendo
resultados satisfactorios en cuanto a la estabilidad de las membranas (empleando las
membranas UF010104 y UF010801v3, de la casa comercial SolSep BV, y UP005, de
Microdyn Nadir) y la recuperacion de compuestos fendlicos, los cuales se obtuvieron en
la corriente de permeado. Para aumentar la pureza de estos compuestos fendlicos y
abordar su fraccionamiento, se estudid un proceso de nanofiltracion con disolventes
organicos, empleando una disolucién simulada, cuyo disolvente fue etanol/agua
50:50 (v/v), y con una composicion basada en el permeado del proceso de ultrafiltracion
(con la membrana UP005) en medio organico. De entre todas las membranas evaluadas
(Duramem®150, Duramem®300, Duramem®500 y Puramem®600, de la casa comercial
Evonik, NFS y NFX, de la casa comercial Synder, oNF-1 y oNF-2, de la casa GMT-Borsig y
NF270, de DuPont) la membrana NF270 fue la mas destacada, debido a su notable
densidad de flujo de permeado. Ademds, esta membrana rechazé adecuadamente los
compuestos no deseados, como azlcares y acidos, lo que facilité la recuperacidn
satisfactoria de los compuestos fendlicos en el permeado, tras su purificacion y
fraccionamiento. Considerando los resultados obtenidos durante el estudio de los
procesos de ultrafiltracion y nanofiltracion del extracto hidroalcohélico del alperujo, se
propuso un proceso integrado basado en la extraccion de estos compuestos con
etanol/agua 50:50 (v/v), la ultrafiltracién de este extracto, con la membrana UPQO05, para
llevar a cabo su purificacion, la nanofiltracidn, con la membrana NF270, de la corriente
de permeado obtenida previamente, para aumentar la pureza y fraccionar los
compuestos fendlicos vy, finalmente, la concentracién de la corriente de permeado
obtenida durante la nanofiltracién, mediante un proceso de 6smosis reversa, empleando

la membrana NF90 (DuPont) que rechazé apropiadamente los compuestos fendlicos.



SUMMARY

The agri-food sector is one of the industries with higher international relevance,
because it is responsible for supplying a world population that keeps increasing. Olive oil,
which is the main representative of the Mediterranean Diet, is one of the most produced
and commercialized foods in the world. During its production, large volumes of by-
products are generated. Among them, the wet olive pomace (or alperujo, by its name in
Spanish) stands out. It contains all the olive components remaining after the olive oil
extraction. This by-product has a high organic load, which may represent an
environmental risk if it is not properly disposed. On the other side, the wet olive pomace
is rich in phenolic compounds, which have high industrial interest, mainly due to their
powerful antioxidant properties. This content in bioactive compounds represents an
excellent opportunity to valorize the wet olive pomace, recovering compounds of

interest, and, during the same process, reducing the contaminant load of the residue.

In the present Doctoral Thesis, “Implementation of Membrane Technology to
valorize the phenolic compounds from the olive mill waste”, this challenge has been
addressed, in the framework of Membrane Technology, aiming to contribute to the

circular economy of the olive oil industry.

First, an ultrasound-assisted solid-liquid extraction was optimized to extract the
phenolic compounds from wet olive pomace. Satisfactory results were obtained, both
with mixtures of ethanol/water and with pure water. Furthermore, employing advanced
analytical methodologies, a detailed characterization of the metabolites present in the
extracts derived from wet olive pomace was conducted. Thus, more than 50 compounds,

belonging to different chemical families, were determined.

During the following stages of the process, both the extracts obtained with
ethanol/water 50:50 (v/v) and the aqueous extracts were considered. The aqueous
extracts were treated by ultrafiltration, studying the UP005, UH030, UH050 and UP150
membranes (Microdyn Nadir) and selecting the UP005 and UH030 membranes, due to
their suitable productivity and efficacy, in terms of the rejection of the chemical oxygen
demand. The phenolic compounds were recovered at a higher purity in the permeate.
Afterwards, the ultrafiltration permeate was treated by nanofiltration, employing the
NF270 membrane (DuPont), in order to concentrate the previously purified phenolic
compounds. Moreover, the feasibility of the NF270 membrane to separate low-
molecular-weight phenolic compounds from sugars was demonstrated. To that end,
simulated solutions, with a composition based on olive mill wastewaters, were

employed.
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The hydroalcoholic extracts of wet olive pomace were also treated by membrane
processes. Previously, an exhaustive review of the scientific literature related to organic-
solvent ultrafiltration was addressed. The solvent effects on the membranes and the
possible strategies to preserve their integrity and performance were analyzed. Later, it
was evaluated an ultrafiltration process to purify the wet olive pomace extracts prepared
with ethanol/water 50:50 (v/v). Satisfactory results were obtained, regarding the
membranes stability (UF010104 and UF010801v3, from the manufacturer SolSep BV, and
UP005, from Microdyn Nadir) and the recovery of phenolic compounds. These molecules
were obtained in the permeate stream. To increase the purity of the phenolic
compounds and address their fractionation, an organic-solvent nanofiltration process
was studied. A simulated solution, whose solvent was ethanol/water 50:50 (v/v), was
employed. The composition of this solution was based on the UP005 permeate obtained
in organic media. Among all the evaluated membranes (Duramem®150, Duramem®300,
Duramem®500, and Puramem®600, from Evonik, NFS, and NFX, from Synder, oNF-1, and
oNF-2, from GMT-Borsig, and NF270, from DuPont) the NF270 membrane stood out due
to the high permeate flux. Furthermore, this membrane properly rejected the unwanted
compounds, such as sugars and acids. This allowed the satisfactory recovery of phenolic
compounds in the permeate stream, after their purification and fractionation.
Considering the results obtained during the study of the ultrafiltration and nanofiltration
of the hydroalcoholic extract of wet olive pomace, an integrated process was proposed.
It was based on the extraction of the compounds of interest with
ethanol/water 50:50 (v/v), and a further ultrafiltration, nanofiltration, and reverse
osmosis process. The ultrafiltration of the extract was performed with the UP005
membrane to conduct its purification. Then, the UP005 permeate was nanofiltered,
employing the NF270 membrane to enhance the purity of the phenolic compounds and
fractionate them. Finally, the NF270 permeate was concentrated by means of a reverse
osmosis process, employing the NF90 membrane (DuPont), which suitably rejected the

phenolic compounds.



RESUM

El sector agroalimentari constitueix una de les industries amb major rellevancia
internacional, ja que s'encarrega de proveir una poblacié mundial en continu creixement.
Entre els aliments majorment elaborats i comercialitzats a nivell global, hi ha I'oli d'oliva,
gue és el major exponent de la Dieta Mediterrania. Durant la seua produccio, es generen
grans volums de subproductes, entre els quals destaca I'alperujo, que conté totes les
restes de I'oliva que romanen una vegada que s'ha extret I'oli. Es tracta d'un subproducte
amb una elevada carrega organica, la qual cosa pot suposar un risc ambiental si no es
gestiona adequadament. D'altra banda, I’alperujo és ric en compostos fenolics, els quals
tenen un elevat interés industrial, degut, principalment, a les seues potents propietats
antioxidants. Aquest contingut en compostos bioactius representa una oportunitat
excel-lent per a valorar I'alperujo, recuperant compostos d'interés i, simultaniament,

reduint la carrega contaminant del residu.

En la present Tesi Doctoral, “Implementacié de Tecnologia de Membranes per a la
valoritzacié dels compostos fenolics presents a les aiglies residuals de la indUstria de
produccié d'oli d'oliva” s'ha abordat aquest repte, en el marc de la Tecnologia de

Membranes, contribuint a I'economia circular de la industria oleicola.

En primer lloc, es va dur a terme l'optimitzacio d'un procés d'extraccié solid-liquid
assistida per ultrasons, per a extraure els compostos fenolics presents a I'alperujo. Es van
obtindre resultats satisfactoris tant amb mescles d'etanol/aigua com amb aigua pura. A
més, emprant, teécniques analitiques avangades, es va dur a terme una caracteritzacioé
detallada dels metabolits presents en els extractes derivats de I'alperujo, de manera que

es van determinar més de 50 compostos, pertanyents a diferents families quimiques.

Al llarg de les seglients etapes del procés, es van emprar tant els extractes obtinguts
amb etanol/aigua 50:50 (v/v) com els extractes aquosos. Quant a aquests ultims, es van
tractar mitjancant ultrafiltracio, estudiant les membranes UP005, UH030, UH050i UP150
(Microdyn Nadir) i seleccionant les membranes UP0O05 i UHO30, a causa de la seua
adequada productivitat i eficacia en termes de rebuig a la demanda quimica d'oxigen. Els
compostos fenolics van ser recuperats amb major puresa al permeat d'aquest procés. A
continuacid, el corrent de permeat obtinguda durant I'etapa d'ultrafiltracié va ser
sotmesa a un procés de nanofiltracid, emprant la membrana NF270 (DuPont), per a dur
a terme la concentracié dels compostos fenolics préviament purificats. A més, es va
demostrar la viabilitat d'aquesta membrana, NF270, per a separar compostos fenolics de
baix pes molecular i sucres, emprant dissolucions model amb una composicié basada en

les aiglies residuals de la industria oleicola.
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Els extractes hidroalcoholics d’alperujo també van ser tractats mitjangant processos
de membrana. Préviament, es va dur a terme una revisido exhaustiva de la literatura
cientifica relacionada amb la ultrafiltracié al mig organic, analitzant els efectes dels
dissolvents a les membranes i les estrategies per a preservar la seua integritat i
rendiment. A continuacid, es va avaluar un procés d'ultrafiltracié per a purificar els
extractes d’alperujo preparats amb etanol/aigua 50:50 (v/v), obtenint resultats
satisfactoris quant a I'estabilitat de les membranes (emprant les membranes UF010104
i UF010801v3, de la casa comercial SolSep BV, i UP005, de Microdyn Nadir) i la
recuperacié de compostos fenolics, els quals es van obtindre en el corrent de permeat.
Per augmentar la puresa d'aquests compostos fenolics i abordar el seu fraccionament,
es va estudiar un procés de nanofiltraci6 amb dissolvents organics, utilitzant una
dissolucio simulada, que el seu dissolvent va ser etanol/aigua 50:50 (v/v), i amb una
composicié basada en el permeat del procés d'ultrafiltraciéo (amb la membrana UP005)
al mig organic. D'entre totes les membranes avaluades (Duramem®150, Duramem®300,
Duramem®500 i Puramem®600, de la casa comercial Evonik, NFS i NFX, de la casa
comercial Synder, oNF-1 i oNF-2, de la casa GMT - Borsig i NF270, de DuPont) la
membrana NF270 va ser la més destacada, a causa de la seua notable densitat de flux de
permeat. A més, aquesta membrana va rebutjar adequadament els compostos no
desitjats, com a sucres i acids, la qual va facilitar la recuperacid satisfactoria dels
compostos fenolics en el permeat, després de la seua purificacié i fraccionament.
Considerant els resultats obtinguts durant I'estudi dels processos d'ultrafiltracid i
nanofiltracié de I'extracte hidroalcoholic de I'alperujo, es va proposar un procés integrat
basat en I'extraccié d'aquests compostos amb etanol/aigua 50:50 (v/v), la ultrafiltracié
d'aquest extracte, amb la membrana UP0OO5, per a dur a terme la seua purificacio, la
nanofiltracié, amb la membrana NF270, del corrent de permeat obtinguda previament,
per augmentar la puresa i fraccionar els compostos fenolics i, finalment, la concentracid
del corrent de permeat obtinguda durant la nanofiltracié, mitjangant un procés d'osmosi
reversa, emprant la membrana NF90 (DuPont) que va rebutjar apropiadament els

compostos fenolics.
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OBJETIVO GENERAL

El objetivo principal de esta Tesis Doctoral consiste en llevar a cabo la recuperacién

de los compuestos fendlicos presentes en el alperujo, aplicando la Tecnologia de

Membranas. De esta forma, se pretende disminuir la carga organica de este residuo vy,

ademas, valorizarlo mediante la obtencién de productos de alto valor afiadido.

OBIETIVOS ESPECIFICOS

P

4

»

-+

-+

Analizar el proceso de de los compuestos fendlicos del
alperujo, con el fin de identificar las condiciones de operacién éptimas, asi como el
disolvente mas adecuado (agua o disolventes organicos) para la recuperacién
maxima de compuestos fendlicos y minimizacién del impacto ambiental del

alperujo.

Realizar una de los extractos obtenidos y de todas las
corrientes obtenidas en los procesos de membranas, llevando a cabo una
aproximacion metaboldmica, para determinar la mayor cantidad posible de
compuestos pertenecientes a la fraccién minoritaria de la oliva presentes en el
alperujo.

Analizar de forma pormenorizada el efecto de las variables de operacién (presion,
velocidad tangencial y factor de concentracion) y de las caracteristicas de las
membranas (tamafio de poro y material) de , sobre el ensuciamiento
de las mismas, la recuperacion de polifenoles y la eliminaciéon de materia organica.
Se seleccionardn las condiciones de operacién y las membranas que permitan la
maxima recuperacion de compuestos fendlicos en la corriente de permeado, la
maxima eliminacién de materia organica en la corriente de rechazo y la maxima

densidad de flujo de permeado.

Analizar de forma pormenorizada el efecto de las variables de operacién (presion,
velocidad tangencial y factor de concentracion) y de las caracteristicas de las
membranas (tamafio de poro y material) de sobre la recuperacion de
polifenoles, la eliminacidon de materia organica y la densidad de flujo de permeado.
Se seleccionardn las condiciones de operacién y las membranas que permitan la
maxima recuperacion de compuestos fendlicos, bien en la corriente de permeado o

en la corriente de rechazo, y la maxima densidad de flujo de permeado.

Llevar a cabo la concentracién de los compuestos fendlicos purificados previamente

(mediante ultrafiltracidon y, en su caso, nanofiltracién). Para ello, se estudiara la
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aplicacion de un proceso de nanofiltracion u dsmosis inversa. Se seleccionaran las
membranas y las condiciones de operacidn mds adecuadas para alcanzar la maxima

concentracion de compuestos fendlicos y la mayor productividad.

# Estudiar el resultado de llevar a cabo los procesos de ultrafiltracion,
nanofiltracion y dsmosis reversa en medio organico, tras haber determinado el
disolvente mds adecuado y las condiciones de operacidn dptimas para realizar la
etapa de extraccion sdlido-liquido. Para ello, se estudiara el efecto del disolvente
sobre la densidad de flujo de permeado y la selectividad de las membranas
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ESTRUCTURA DE LA TESIS DOCTORAL

En la presente Tesis Doctoral, “Implementacién de Tecnologia de Membranas para la
valorizacion de los compuestos fendlicos presentes en las aguas residuales de la industria
de produccién de aceite de oliva” se ha explorado el potencial de la Tecnologia de
Membranas en el tratamiento de subproductos derivados del olivo, con el objetivo de

recuperar compuestos de alto valor afiadido, como son los compuestos fendlicos.

Asi, esta memoria contiene una seccion inicial, la , que presenta el contexto
en el que se encuadra este trabajo, aportando una descripcién general de la industria
oleicola y las posibles contribuciones de la Tecnologia de Membranas en cuanto a la
gestion de los subproductos derivados. Ademads, la introduccién contiene una breve
resefia final en la que se ponen en valor determinadas técnicas analiticas avanzadas,
pertenecientes al ambito de la Metaboldmica, para comprender y mejorar los procesos
de membrana aplicados al tratamiento de corrientes de origen vegetal.

A continuacién de esta primera seccidn, se presentan los capitulos que contienen la

correspondientes a esta Tesis
Doctoral. Dichos capitulos estan agrupados en tres secciones independientes,
atendiendo a las técnicas empleadas y a la naturaleza quimica de las corrientes

estudiadas.

La trata sobre la presentes en
el alperujo. Esta seccién incluye el Capitulo 1, en el que se optimizé un proceso de
extraccién sdlido-liquido asistida por ultrasonidos. Se estudid la efectividad del agua
como agente extractante, asi como diferentes mezclas de etanol/agua. También se
evalué el efecto de la temperatura y tiempo de extraccion sobre el rendimiento de la

extraccion.

Ademas, en este capitulo se presenta una caracterizaciéon detallada de todos los
metabolitos procedentes de la fraccion minoritaria de la oliva que permanecen en el
alperujo tras la elaboracién del aceite de oliva. Para ello, se empled la

, desarrollando un método analitico
multiclase y no dirigido, que permitié determinar mas de 50 compuestos en los perfiles
cromatograficos. Esta potente metodologia analitica y aquellas derivadas de sus
modificaciones han permitido la caracterizacién del metaboloma del resto de muestras

analizadas en esta Tesis Doctoral.
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La de la memoria contiene tres capitulos que estdn relacionados con

El Capitulo 2 contiene el estudio de un proceso de para purificar el extracto
acuoso de alperujo obtenido de acuerdo al Capitulo 1. Para ello, se evaluaron cuatro
membranas comerciales, organicas, con un amplio rango de corte molecular
(5-150kDa) y se estudiaron numerosas condiciones de operacién, en el rango
0.75-5.5 bar (correspondientes a la presién transmembranal) y 1.5 — 3.5 m/s
(correspondientes a la velocidad tangencial).

En el Capitulo 3, se presenta el estudio de un proceso de para separar, por
un lado, los compuestos fendlicos de bajo peso molecular y, por otro lado, los azlcares
presentes en los residuos de la almazara. Asi, se empled la membrana NF270 (de la casa
comercial DuPont) para tratar disoluciones modelo con diferentes composiciones de
tirosol y sacarosa.

El Capitulo 4 contiene el desarrollo de un proceso integrado, basado en los resultados
obtenidos en los Capitulos 1, 2 y 3. Asi, se llevé a cabo la de una

, empleando agua como agente extractante para extraer los

compuestos fendlicos del alperujo; una etapa de destinada a purificar los
compuestos fendlicos procedentes de un extracto acuoso de alperujo, y una

, para concentrar la corriente de permeado (enriquecida en compuestos

fendlicos) obtenida durante la ultrafiltracion. Durante la ultrafiltracién se estudio el

comportamiento de las membranas UP005 y UH030 (de la casa comercial Microdyn

Nadir), que habian ofrecido los mejores resultados en los estudios previos. Durante la

nanofiltracion, se empled eficazmente la membrana NF270.

La de esta Tesis Doctoral contiene cuatro capitulos relacionados con

El Capitulo 5 presenta una revision pormenorizada de la técnica de

, analizando los efectos que puede tener la presencia de un disolvente
organico sobre las membranas de ultrafiltracion y el proceso del filtrado. Ademas, se
hace énfasis sobre las diferentes estrategias posibles para acondicionar la membrana y
prepararla para el contacto prolongado con un disolvente orgdnico, de forma que se

preserve su integridad y su rendimiento.

En el Capitulo 6 se encuentra el estudio de un proceso de
empleando diversas membranas poliméricas de diversos materiales y umbral

de corte molecular, para tratar un extracto hidroalcohdlico de alperujo, obtenido
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mediante la metodologia optimizada en el Capitulo 1. El reto de este procedimiento
recayd en obtener resultados satisfactorios en cuanto a la estabilidad de las membranas,
asi como valores adecuados de flujo de permeado y rechazos a los diferentes
componentes del extracto, para retener toda la materia orgdnica no deseada y obtener

los compuestos fendlicos en el permeado de las membranas.

El Capitulo 7 contiene el estudio de un proceso de

para abordar la purificacién y fraccionamiento de los polifenoles procedentes
de un extracto hidroalcohdlico de alperujo, una vez que han sido purificados
parcialmente mediate ultrafiltracion. Para llevar a cabo este estudio, se tomd como
referencia el permeado obtenido tras tratar un extracto hidroalcohdlico de alperujo con
la membrana UP0OO05 (de acuerdo con los resultados presentados en el Capitulo 6).
Teniendo en cuenta la composicion de este permeado, se prepard una disolucién modelo
gue contenia uno o varios representantes de cada familia quimica presente en el
permeado real (fenoles simples, acidos fendlicos, secoiridoides, flavonoides, acidos
organicos, acidos grasos libres y azlcares). Esta disolucion se empled para estudiar el
comportamiento de un total de 9 membranas orgdnicas, de diversos materiales y tamafo
de poro. Asi, se estudié la estabilidad de estas membranas en presencia de la mezcla
etanol/agua 50:50 (v/v) y los valores de densidad de flujo de permeado, asi como su
selectividad en el fraccionamiento los compuestos fendlicos y su separacion del resto de

componentes de la disolucidn.

En el Capitulo 8, se presenta un , , consistente en
un proceso de , seguido de % . Tras el estudio
independiente de la etapa de ultrafiltracion (Capitulo 6) y de la etapa de nanofiltracion
(Capitulo 7) de un extracto hidroalcohdlico del alperujo, se abordd la combinacion de
ambas etapas para purificar los compuestos fendlicos extraidos del alperujo de acuerdo
con las mejores condiciones de operacion identificadas en el Capitulo 1, es decir, en
presencia de la mezcla etanol/agua 50:50 (v/v). Ademas, se llevé a cabo la concentracidn
del permeado obtenido en el proceso de nanofiltracion. Para ello, se propuso un proceso

de ésmosis inversa, empleando la membrana NF90 (de la casa comercial DuPont).
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Introduccion

Objetivos

Seccion 1
Extraccion sélido-liquido

CapiTuLo 1. CHAPTER 1

Extractos acuosos de

Extractos hidroalcohdlicos
alperujo

de alperujo

Seccion 2
Procesos de membrana
en medio acuoso

Seccion 3
Procesos de membrana
en medio organico

Ultrafiltracion Nanofiltracién

Ultrafiltracion

CapiTuLo 2

Nanofiltracion

e
CHAPTER 2 CHAPTER 3 (v/v) (/)
CAPITULO S CapiTuLOo7
CHAPTER S CHAPTER7
Ultrafiltracion + Nanofiltracion
CAPITULO 4 CApITULO6
CHAPTER 4 CHAPTER 6

Ultrafiltracion + Nanofiltracion +
Osmosis Inversa en presencia de
EtOH 50% (v/v)

CapPiTULO 8
CHAPTER 8

Figura E1. Esquema representativo de la estructura de la presente Tesis Doctoral.
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INTERES DE LOS PRODUCTOS DERIVADOS DEL OLIVAR

El (Olea europaea L.) es uno de los mas apreciados desde los inicios
de la Historia. Las primeras civilizaciones ya empleaban los productos derivados del olivar
en la nutricidn, la construccidn e, incluso, la fabricacién de balsamos y ungiientos [1,2].
Todos estos usos y aplicaciones han llegado hasta nuestros dias. En la actualidad, el
cultivo del olivo, la olivicultura, tiene una enorme importancia a nivel econémico,
ecoldgico y cultural. Las aceitunas y el aceite de oliva se consideran una de las bases de
la dieta Mediterranea, reconocida mundialmente por su caracter saludable, asi como por
su influencia en el aumento de la longevidad y la reduccién del riesgo de enfermedades
coronarias y cancer [3,4].

Indudablemente, el principal producto obtenido del olivar es el aceite de oliva. Este
alimento ha estado presente en la alimentacidn de los habitantes del area Mediterranea
desde el Paleolitico [5]. Hoy en dia, se comercializa de manera global, considerandose
una fuente de grasa saludable. Incluso, se le ha atribuido el caracter de alimento
funcional, capaz de aportar beneficios para el organismo a través de su composicidn
Unica. Durante los ultimos cinco afos, el consumo de aceite de oliva a nivel mundial ha
superado los tres millones de toneladas, y, ademas, los datos reflejan una tendencia
creciente de este consumo [6]. Para cubrir esta alta demanda de aceituna y aceite de
oliva, aproximadamente 12 millones de hectdreas de olivar se cultivan cada afo en el
planeta [7]. El cultivo del olivar esta extendido por todo el mundo, sin embargo, la
mayoria de las explotaciones se concentran en paises de Europa, concretamente, en
Espafia, Grecia e Italia. Asi, Espafa es el primer pais productor y exportador de aceite de

oliva, liderando el mercado mundial [8].

Estos datos subrayan la importancia de la industria oleicola a nivel mundial v,
especialmente, en los paises de la cuenca mediterranea. En el contexto de una industria
de tal magnitud y relevancia internacional, es esencial contribuir a su mejoray evolucién,

para impulsar el aumento de su rendimiento y sostenibilidad.

EL FRUTO DE LA OLIVA
Anatomia y composicién del fruto

La ,u , €s una drupa ovalada ( ), en la que es posible diferenciar
tres partes: el pericarpio, que comprende la piel de la aceituna; el mesocarpio, que
corresponde a la pulpa carnosa y supone entre el 70% y el 80% del fruto; y el endocarpio,

que contiene el hueso y la semilla.
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Mesocarpio

Endocarpio

<—— Epicarpio

Figura I.1. Esquema del fruto de la aceituna, con sus tres tejidos diferenciados.

En cuanto a su composicion, los componentes de la aceituna pueden clasificarse en
compuestos mayoritarios, es decir, aquellos que suponen una mayor proporcion de la
composicion, y compuestos minoritarios, que se encuentran en menor cantidad. Entre
los compuestos mayoritarios de la aceituna se encuentran los triglicéridos. Un elevado
porcentaje de los triglicéridos de la oliva contiene acidos grasos monoinsaturados. Asi,
uno de los componentes distintivos de los productos derivados de la oliva es el acido
oleico, al que se atribuyen efectos cardioprotectores [9,10]. La fraccidon minoritaria de la
oliva incluye compuestos fendlicos, triterpenos, tocoferoles y pigmentos [11]. La
proporcién de estos compuestos en la aceituna es dinamica, y estd muy influenciada por
la variedad del cultivo, el indice de maduracion, las practicas agrondmicas y las

condiciones climaticas de la zona de crecimiento del olivo [12,13].

2.2. Compuestos bioactivos derivados de la oliva

Los compuestos bioactivos son un grupo de moléculas, presentes en diferentes
alimentos, cuyos beneficios para el organismo van mas alld de sus propiedades
meramente nutricionales [14]. Estos compuestos proceden generalmente de alimentos
vegetales, donde se encuentran en bajas concentraciones. El potencial de estos
compuestos se debe a sus interesantes actividades bioldgicas, entre las que destaca la
actividad antioxidante, antiinflamatoria o antimicrobiana, entre otras. Por supuesto,
todos estos beneficios para la salud deben estar apoyados con estudios in vivo que
establezcan los detalles de su biodisponibilidad y mecanismos de accién. En cualquier
caso, existen numerosas evidencias que indican que el consumo de alimentos ricos en
determinados compuestos bioactivos resulta en una reduccién del riesgo de

envejecimiento celular, enfermedades coronarias o determinadas infecciones [15,16].
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Por lo tanto, estos compuestos se han convertido en el centro de interés de muchas
industrias, ya que se trata de ingredientes de origen natural que pueden elevar

enormemente la calidad de preparados farmacéuticos, cosméticos y alimentarios.

El fruto de la oliva es una de las fuentes mas conocidas de compuestos bioactivos de
interés [17]. Estos compuestos incluyen compuestos fendlicos, triterpenos y tocoferoles.

Compuestos fendlicos procedentes de la aceituna

Los son el grupo mds numeroso y comun de fitoquimicos. Se
encuentran en la mayoria de los vegetales, incluyendo el olivo y la aceituna. Se generan
como consecuencia del metabolismo secundario de las plantas, a través de la via del
acido shikimico y el acido acético [18]. Este grupo de moléculas es muy diverso y
heterogéneo. Sin embargo, todos los compuestos fendlicos se caracterizan por contener
en su estructura quimica un anillo bencénico con, al menos, un grupo hidroxilo. Aquellos
compuestos que contienen mas de un anillo fendlico se incluyen en el grupo de los
polifenoles. Ademds, estas sustancias naturales pueden sufrir modificaciones en su
estructura, debidas a esterificaciones, glucosilaciones u oxidaciones propias del
metabolismo vegetal. Por lo tanto, es posible encontrar compuestos fendlicos ligados a

residuos de glucosa, lipidos o a otros fenoles [19,20].

Los compuestos fendlicos representan una de las categorias mas importantes entre
los compuestos minoritarios de la oliva. En el aceite de oliva, son responsables de aportar
el sabor amargo y picante, contribuyendo a las singulares caracteristicas organolépticas
de este alimento. Ademas, se trata de potentes naturales, que permiten
alargar el periodo de conservacion del aceite. Esta capacidad antioxidante no solo
confiere interés a los compuestos fendlicos en relacion con la vida util del aceite de oliva,
sino que esta propiedad puede aportar beneficios en el organismo de los consumidores
de productos derivados del olivar. En presencia de especies oxidantes, los compuestos
fendlicos actuan como reductores, evitando la oxidacion de otras moléculas. Asi,
numerosos estudios han demostrado que determinados compuestos fendlicos presentes
en la aceituna pueden prevenir algunas afecciones, sobre todo las relacionadas con el
estrés oxidativo, como las enfermedades cardiovascularesy las alteraciones metabdlicas.
Entre los principales efectos atribuidos a estos compuestos se encuentran el efecto

antioxidante, antiinflamatorio, inmunomodulador, antimicrobiano y antiangiogénico.

Todo ello confiere a los compuestos fendlicos importantes aplicaciones en farmacia,
en cosmeética, para prevenir el envejecimiento de la piel, y en nutricion, a través de la

alimentacién funcional y personalizada. Actualmente, determinados fenoles
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procedentes de matrices derivadas del olivo (tales como la pulpa de la aceituna o las
hojas de olivo) se extraen y comercializan en el mercado en forma de preparados
enriguecidos en estos extractos vegetales. Algunos de estos productos se encuentran en

el mercado bajo el nombre de Alyvium® [21], Mygrium® [22] u OliPhenolia® [23].

En la aceituna y sus derivados, los principales compuestos fendlicos pueden
clasificarse en seis familias quimicas: fenoles simples (o alcoholes fendlicos), acidos
fendlicos, secoiridoides, flavonoides y lignanos [24].

Los estan constituidos por un anillo aromatico
con uno o varios alcoholes (-OH) como sustituyentes. Entre los fenoles simples de la oliva
destacan el tirosol y el hidroxitirosol (y sus posibles formas modificadas), los cuales son
dos de los compuestos fendlicos mas conocidos y estudiados en las muestras
procedentes del olivo. En concreto, el hidroxitirosol es uno de los compuestos
seleccionado por la European Food Safety Authority (EFSA) para determinar el caracter
saludable del aceite de oliva [25]. Ademas, existe una enorme cantidad de estudios
cientificos que avalan su poder cardioprotector [26], antidiabético y antioxidante [27,28].

Los contienen un anillo aromatico que, en este caso, contiene uno
o varios grupos carboxilo (-COOH) como sustituyentes. Algunos acidos fendlicos
procedentes de la oliva tienen un elevado interés en la industria cosmética por su alto
poder antioxidante. Por ejemplo, el acido ferulico se emplea en serums de tratamiento
facial como un valioso activo para neutralizar los radicales libres producidos por la
radiacion solar [29]. Ademas, otros acidos fendlicos, como el acido cafeico o el acido p-
coumdrico, han demostrado favorecer la vasodilataciéon y mejorar el estrés oxidativo
[30,31].

Los . y son familias quimicas mas complejas que
implican la presencia de varios anillos bencénicos. Uno de los secoiridoides mas
caracteristicos de la aceituna es la molécula de oleuropeina. Este compuesto contiene en
su estructura una molécula de hidroxitirosol, una molécula de acido elendlico v,
generalmente, un residuo de glucosa ( ). Su capacidad antioxidante vy
antiinflamatoria ha sido puesta de manifiesto en numerosos estudios [27,28,32]. Entre
los flavonoides y lignanos, destacan las moléculas de luteolina y pinoresinol,

respectivamente, debido a sus propiedades antioxidantes [33].
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Hidroxitirosol Acido elendlico Glucosa

Figura 1.2. Estructura de la molécula de oleuropeina.

A pesar del amplio abanico de beneficios relacionados con los compuestos fendlicos
y polifenoles, existe un aspecto ambiental que debe considerarse. Los compuestos
fendlicos son fitotdxicos, y su contacto con la flora de un ecosistema puede producir
dafios en las plantas que lo habitan [34]. Ademas, su caracter antimicrobiano, comentado
anteriormente, dificulta el tratamiento bioldgico de estos compuestos [35]. Por lo tanto,
los compuestos fendlicos son compuestos de elevado interés industrial, pero deben ser

también objeto de vigilancia, para evitar consecuencias no deseadas sobre el entorno.

2.2.2. Otros compuestos bioactivos presentes en la aceituna

Ademas de los compuestos fendlicos, la aceituna posee otros compuestos bioactivos
de interés, como son los triterpenos pentaciclicos y los tocoferoles. Los triterpenos
pentaciclicos son moléculas grandes (450 — 500 g/mol) que incluyen cinco o seis ciclos en
su estructura quimica. Algunos de los triterpenos mads estudiados en el olivo y sus
derivados son el acido maslinico, el acido oleandlico y el acido betulinico [36,37]. El
interés de los compuestos triterpénicos reside en los efectos antitumorales, antivirales o
analgésicos, entre otros. Los tocoferoles son un grupo de compuestos que, junto con los
tocotrienoles, constituyen la vitamina E. Aunque estas moléculas Unicamente son
sintetizadas por organismos fotosintéticos, son también esenciales para el correcto
funcionamiento fisiolégico de los organismos animales [38,39]. Por tanto, su consumo a

través de productos vegetales es fundamental.
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ACEITE DE OLIVA
Denomicacidn y clasificacién del aceite de oliva

De acuerdo con el Consejo Oleicola Internacional, el es aquel aceite
extraido de la fruta del olivo Unicamente mediante métodos fisicos, bajo unas
condiciones, particularmente condiciones de temperatura, tales que no generen
alteraciones en el aceite. El aceite de oliva es aquel que no sufre ningln otro tratamiento
mas alla del lavado, decantacidn, centrifugacién vy filtracién. Segun esta definicion, es
posible obtener diferentes categorias de aceite de oliva, entre las que se encuentran el
aceite de oliva virgen (que, ademas, puede ser aceite de oliva virgen extra si se cumplen
unos estandares determinados de calidad), el aceite de oliva refinado y la mezcla del
aceite de oliva virgen y refinado, que se conoce como aceite de oliva puro [40].

Produccion del aceite de oliva

En el fruto de la oliva, el aceite se almacena en gotas dentro de las vacuolas de la
célula vegetal. La obtencion del aceite de oliva consiste en su extraccion desde la pulpa
de la aceituna.

La campaiia de recoleccidn de aceituna se lleva a cabo anualmente entre los meses
de noviembre y febrero. Una vez que se recoge la aceituna, se lleva a cabo su
procesamiento en una planta de produccion de aceite que recibe el nombre de
En la almazara, las aceitunas se someten a un control de calidad previo, para descartar
aquellos frutos dafnados o en mal estado. También se eliminan restos de hojas, ramas y
piedras. A continuacién, las aceitunas se lavan para eliminar polvo o pesticidas
residuales. A partir de esta fase, comienza la extraccion del aceite. A lo largo de los afios,
la produccidn del aceite de oliva ha evolucionado desde el sistema tradicional (basado
en un proceso discontinuo y la utilizacion de molinos de piedra) a un moderno sistema
continuo que es mas productivo y requiere menos mano de obra y menos espacio.

Actualmente, este sistema comprende las siguientes etapas [41]:

# Molienda: esta fase permite la disgregacion de la pulpa de la aceituna y la ruptura
de la célula vegetal, para liberar las gotas de aceite. Ademads, se generan restos
sélidos y se libera el agua contenida en la oliva. Como resultado, se obtiene una
pasta oleosa, mezcla del aceite extraido, el agua de vegetacion de la aceituna y los

restos solidos.

# Batido: consiste en la agitacion lenta de la pasta oleosa, para aglutinar las gotas de

aceite y desintegrar la emulsion de aceite y agua.



INTRODUCCION

# Decantacidén o centrifugacion: en esta fase se produce la separacion del aceite y el
resto de componentes de la pasta, como el agua y los restos sélidos de la aceituna.
En esta etapa, existen dos variantes principales, ya que la decantaciéon puede
llevarse a cabo en una centrifuga (o decanter) de tres fases o de dos fases. El empleo
de un tipoy otro de centrifugacidn es primordial, ya que determina el flujo de trabajo
y los residuos generados en el proceso productivo. Asi, es posible distinguir entre el
método de produccién de aceite de dos fases y el de tres fases ( )
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Figura 1.3. Diagrama de bloques para los métodos de dos y tres fases en la produccién de aceite de oliva. Informacién adaptada de [7,42].
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Meétodo de tres fases

Cuando la etapa de batido finaliza, la pasta se dirige a un decanter horizontal de tres
fases. Antes de comenzar la centrifugacién, se afade agua a la pasta para facilitar la
separacion de las diferentes fracciones. En la centrifuga, se generan tres corrientes (tres
fases): una corriente de aceite de oliva que aun contiene una pequefia cantidad de agua
e impurezas solidas, una corriente muy abundante de agua residual, denominada

alpechin, y una corriente sélida denominada orujo.

El aceite obtenido en esta primera centrifugacién horizontal debe ser centrifugado
de nuevo para purificarlo. En este caso, se emplea una centrifuga vertical que permite la
obtencién del aceite de oliva listo para su comercializacion. El alpechin también debe ser
centrifugado en un decanter vertical para separar los restos de aceite de esta corriente

acuosa.

Meétodo de dos fases

Segun este método, la centrifuga horizontal da lugar Unicamente a dos fases. Una de
esas fases es el con algunos restos de agua. Al igual que en el método de
tres fases, el aceite obtenido puede someterse a un lavado en una centrifuga vertical, de
la que se obtiene el aceite de oliva virgen y una corriente minoritaria de
con restos soélidos. La otra fase obtenida en la centrifuga horizontal es el principal

subproducto del proceso productivo. Se trata de un residuo semisélido denominado

De acuerdo con este método, no es necesario afiadir agua antes de realizar la
centrifugacion horizontal y, ademas, no se genera la corriente de alpechin, que es el
residuo mas voluminoso del método de tres fases. De hecho, el método de dos fases fue
disefiado como una mejora frente al método de tres fases, para disminuir el gasto de
agua y energia. Con este método, se produce un ahorro del 80% de agua y un 20% de

energia, en comparacion con el método de tres fases [42,43].

En afio 2022, Espaiia contaba con 1830 almazaras en activo [44]. Mas del 90% de la
produccién de estas almazaras se lleva a cabo mediante el método de dos fases [45,46].
Dado que, como se ha comentado anteriormente, Espafia es el principal productor global
de aceite de oliva, el método de dos fases se sitla como el procedimiento mas empleado
del mundo para producir dicho alimento. En este contexto, el control de este proceso
adquiere una dimensiéon mundial, con lo que se vuelve esencial la optimizacion del

rendimiento y la gestion de los residuos generados.
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SUBPRODUCTOS DE LA ALMAZARA

Para producir un litro de aceite de oliva, se necesitan entre 5 y 8 kilogramos de
aceituna, dependiendo de la variedad del olivar y el momento de la recoleccidn [47]. Por
lo tanto, todo el resto de componentes de la aceituna, como la piel, la pulpa, el hueso o
la semilla, quedan como subproducto en la almazara. Asi, los residuos de la produccién
de aceite de oliva representan un importante problema ambiental. Se trata de corrientes
con una elevada carga organica, generados de forma muy abundante y de manera
concentrada en el tiempo, ya que se producen Unicamente durante los meses en los que
tiene lugar la campania de aceituna. Por lo tanto, su gestion y/o eliminacion debe llevarse

a cabo con rigor, para evitar vertidos indeseados o contaminaciones del ecosistema.

Por otro lado, al margen de este riesgo ecoldgico, los subproductos de la almazara
pueden considerarse como una fuente de riqueza en cuanto a compuestos quimicos de
interés. Algunos de los compuestos mads interesantes de la aceituna, como son los
componentes de la fraccion minoritaria (en la que se incluyen los compuestos fenélicos),
no se transfieren por completo al aceite de oliva. Por el contrario, un porcentaje
considerable permanece en los subproductos [48-50]. Esto se produce porque aquellos
compuestos de mayor polaridad (con respecto al resto de componentes de la fraccién
minoritaria de la oliva) son mas hidrofilicos, y presentan, por tanto, mayor afinidad por
el agua de vegetacién de la aceituna que por el aceite [51,52]. Como consecuencia, un
elevado porcentaje de compuestos fendlicos y triterpenos pentaciclicos escapan del
aceite de oliva, ya que migran a la fraccidn acuosa que se genera durante la molienda de
la aceituna y, por tanto, permanecen en los residuos generados. Asi, tanto el alperujo
como las aguas residuales de la almazara contienen compuestos interesantes que juegan

un papel esencial en su valorizacion.

Dado que el alperujo es el residuo mayoritario del proceso de dos fases, este es el
principal subproducto de la produccion de aceite de oliva. A continuacidn, se detallan sus

caracteristicas y las de otros residuos generados en el proceso.

Residuos distintos al alperujo generados en las almazaras de dos fases

En primer lugar, cuando la materia prima llega a la almazara, se eliminan todas
aquellas . y que han sido recolectadas junto con las aceitunas. Estas
hojas son una fuente de compuestos bioactivos aprovechables [53,54]. A continuacidn,
se realiza el lavado de las aceitunas, para eliminar suciedad y restos de polvo. Esta

se suele reutilizar durante varios ciclos de lavado, ya que
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Unicamente entra en contacto con el fruto de la oliva, y en ningin momento puede
contaminar el producto final, que es el aceite de oliva.

Una vez que se produce el batido de las aceitunas y se extrae el aceite en la
centrifuga horizontal, se lleva a cabo un lavado de ese aceite en una centrifuga vertical,
afiadiendo agua potable a la pasta. Como se detallé en la seccién 3.2, en esta etapa se
retiran el agua y algunos restos sélidos. Como resultado, se obtiene un residuo conocido
como agua de lavado del aceite. Esta agua contiene una carga organica elevada,

incluyendo también compuestos fendlicos de interés.
4.2. Alperujo

El alperujo es un residuo semisélido, de color oscuro, que estd formado por restos
de la pulpa, agua de vegetacién, piel, hueso y semillas de la aceituna. En definitiva,
contiene todos los componentes residuales de la oliva, una vez que se ha producido la
molienda de este fruto y se ha separado el aceite. Como se ha comentado anteriormente,
este subproducto se produce en la centrifuga horizontal, en las almazaras que aplican el
método productivo de dos fases [46]. Por cada tonelada de aceitunas procesadas, se
generan 800 kilogramos de alperujo, lo que resulta en la produccion mundial de mas de

4 millones de toneladas de alperujo al afio [55].

El alperujo tiene una humedad elevada, asi como un pH ligeramente acido [49,56].
Ademds, posee un alto contenido en materia orgdnica (Tabla I.1). Entre esta materia

organica se encuentran también los compuestos fendlicos procedentes de la aceituna.

Tabla I.1. Caracteristicas del alperujo. Contenido elaborado a partir de [57].

Humedad (%) 63.6
pHa 5.1
Materia organica total (g/kg) 947.7
Lignina (g/kg) 369.0
Celulosa (g/kg) 206.0
Hemicelulosa (g/kg) 380.6
Contenido graso (g/kg) 101.9
Nitrégeno (g/kg) 11.4
Fésforo (g/kg) 0.9
Potasio (g/kg) 22.8
Ratio C/N 47.2
Azucares (g/kg) 5-6
Compuestos fendlicos (g/kg) 1-11

aextracto acuoso, de proporcion alperujo/disolvente 1:10
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Debido a su elevada carga organica, el vertido inadecuado del alperujo puede
generar dafios en el ecosistema receptor, afectando a aguas y suelos. Ademas, su
contenido en compuestos fendlicos le aporta un caracter dual (Figura 1.4). Por un lado,
los compuestos fendlicos pueden impedir o disminuir el crecimiento de los
microorganismos, alterando el microbioma y dificultando la degradacidn bioldgica de
este residuo. Ademas, los compuestos fendlicos le aportan al alperujo caracter fitotoxico,
por lo que supone un riesgo paralos organismos vegetales del entorno [56]. Sin embargo,
estas moléculas poseen también todas las propiedades interesantes detalladas en la
seccidn 2.2.1. Entre ellas, destacan los beneficios para la salud derivados de la capacidad
antioxidante, antiinflamatoria y antiproliferativa de estas moléculas.

Beneficios para la salud

F%zo%cg;d @ ﬁ ‘
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Figura 1.4. Caracteristicas de los compuestos fendlicos presentes en el alperujo.?

Estas propiedades resultan en aplicaciones farmacéuticas, cosméticas y alimentarias
(a través de la nutracéutica), por lo que la recuperacién de los compuestos fendlicos
presentes en el alperujo es una estrategia interesante para prevenir el dafio ecoldgico y

explotar los beneficios derivados de su riqueza en compuestos fendlicos.

4.3. Tratamiento del alperujo

Debido a la abundancia de este subproducto y a sus caracteristicas composicionales,

su tratamiento no es directo. Ademas de las practicas habitualmente utilizadas para

IFuente: (a) https://es.babor.com/products/babor-pro/60958-ferulic-acid-concentrate.html;
(b) https://www.mygrium.com/; (c) https://www.alyvium.com/es/
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gestionar este residuo, existen también metodologias alternativas que han adquirido

relevancia en los Ultimos afios para abordar la valorizaciéon del alperujo.

Metodologias generales/tradicionales para el tratamiento del alperujo

El contenido graso del alperujo es varia entre un 2% y un 5% Por tanto, este
subproducto se utiliza de nuevo para extraer el aceite residual que contiene [58]. Dicha
extraccidn se lleva a cabo en plantas orujeras, que reciben el alperujo en grandes balsas
donde éste se acumula hasta su procesado. A pesar de que las almazaras productoras de
aceite de oliva estdn activas durante aproximadamente 4 meses, las plantas orujeras
pueden extender su actividad hasta 10 meses [59]. Por lo tanto, el alperujo permanece
acumulado en estas grandes balsas durante largos periodos de tiempo.

La extraccidn de aceite a partir de alperujo puede llevarse a cabo mediante una
nueva centrifugacion o a través de secado y extraccidon quimica mediada por disolventes.
En este ultimo caso, el secado del alperujo conlleva altas demandas energéticas y puede
generar diversos problemas técnicos en la maquinaria empleada, a través de la adhesidn
y aglomeracién de los azucares que contiene [60]. A partir del alperujo se obtiene un
aceite de oliva de menor calidad, denominado aceite de orujo de oliva crudo.
Dependiendo de sus caracteristicas, este aceite puede contener compuestos indeseados
(como hidrocarburos aromaticos policiclicos, entre otros), y podra refinarse (aceite de
orujo refinado) o mezclarse con aceite de oliva virgen para su comercializaciéon [61,62].
Los residuos secos obtenidos en esta etapa suelen quemarse para producir energia para

la propia planta orujera, con la consecuente emisién de CO; [56].

Otro aspecto a considerar con respecto a las orujeras es su posible colapso. Esto
puede ocurrir cuando la campafia anual de aceituna es especialmente productiva. En este
caso, es posible sobrepasar la capacidad de la planta orujera para almacenar y procesar
todo el alperujo entrante, generandose un excedente de este residuo que, incluso, puede

solapar con el alperujo de la siguiente campana [59].

En este contexto, varias metodologias adicionales para tratar el alperujo se han
propuesto en la ultima década. Entre ellas, se encuentra el compostaje [56,57], la
digestion anaerobia [63], la aplicacién en alimentacidon animal o la generacion de
biocombustibles [46].

Tecnologia de membranas para el tratamiento del alperujo

Ademas de los tratamientos del alperujo detallados anteriormente, uno de los

enfoques masinteresantes es el empleo del alperujo como fuente de compuestos de alto
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valor afladido, como son los compuestos fendlicos presentes en este subproducto. De
hecho, varios destinos finales del alperujo (como el compostaje o el tratamiento
bioldgico) requieren la retirada previa de los compuestos fendlicos, por lo que su
recuperacion es una estrategia excelente para valorizar este residuo y detoxificar la

matriz residual.

La ha resultado eficaz en la recuperacidon de compuestos
de interés a partir de productos y subproductos vegetales. De hecho, las aplicaciones de
estos procesos en la industria agroalimentaria han experimentado una gran expansion
en las Ultimas décadas. Por lo tanto, esta tecnologia es una alternativa prometedora para

valorizar el alperujo.

TECNOLOGIA DE MEMBRANAS
Conceptos y parametros especificos de los procesos de membrana

Una es una barrera semipermeable que permite el paso selectivo de
determinadas sustancias, rechazando otras. De acuerdo con su composicion, existen
membranas inorganicas (compuestas por metales u 6xidos metalicos) y membranas
organicas. Estas Ultimas estan compuestas por un polimero entrecruzado que da lugar a
la estructura de la membrana. La mayoria de membranas sintéticas (organicas e
inorganicas) estan formadas por varias capas. La primera de ellas es una capa fina, de
grosor bajo, denominada capa activa, que posee las caracteristicas necesarias
(composicién, tamafio de poro, etc.) para llevar a cabo la separacion de interés. Bajo la
capa activa existe una capa de soporte, cuya Unica funcion es sujetar la capa activa y
proporcionar resistencia mecanica a la membrana. El tamafio de poro y la composicion
del soporte deben ser tales que no influyan en el transporte a través de la membrana,

sino que la capa activa es la Unica que determina el paso de unos compuestos u otros.

Cuando una corriente ( ) es tratada mediante un proceso
de membrana, se obtendran como resultado otras dos corrientes. Una de esas corrientes
es el resultado de todas las sustancias que permean a través de la membrana
( ), mientras que la otra contiene aquellas sustancias que no atraviesan la
membrana ( ). Para que esta separacion tenga lugar, debe existir una fuerza
impulsora que permita el transporte de moléculas a través de la membrana. Esta fuerza

impulsora puede ser una diferencia de presion, de concentracion o de potencial eléctrico.

Para evaluar la productividad y la efectividad de un proceso de membranas, se

consideran principalmente dos parametros:
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# Densidad de flujo de permeado: representa el volumen de fluido que atraviesa
la membrana, por unidad de tiempo y drea. Por tanto, indica la productividad
del proceso. Este parametro (/,,) se define mediante la Ley de Darcy:

AP
]p—m—LpAP (1)
donde AP corresponde a la presién transmembranal, p es la viscosidad del
permeado, R,, es la resistencia hidraulica de la membrana y L, corresponde a

la permeabilidad hidraulica de la membrana.

# Rechazo: representa la eficiencia de la membrana para retener un determinado

compuesto. El rechazo (R) se define mediante la siguiente ecuacidn:
R (%) =1-2-100 2)

donde C,, corresponde a la concentracion de un compuesto determinado en el
permeado y Cp es la concentracion de ese compuesto en la corriente de
alimentacién de la membrana.

Tanto la densidad de flujo de permeado como el rechazo de la membrana frente a
determinados compuestos puede verse afectado por la polarizacién por concentraciéon y
el ensuciamiento. La es el resultado de la acumulaciéon de
los sélidos retenidos en el area cercana a la superficie de la membrana [64], donde
aumenta la concentracion de estos solutos a medida que avanza el proceso, hasta que
se alcanza el estado estacionario [65]. El de lamembrana (conocido como
fouling en inglés) es un fendmeno causado por la deposicion de solutos y particulas en la
superficie de la capa activa y en los poros de la membrana [66]. Los principales factores
que influyen en el ensuciamiento estan relacionados con las propiedades de la
membrana (dependientes del material, principalmente), las caracteristicas de la
alimentacién (composicion, concentracion de solutos, pH, etc.) y las condiciones de
operacion aplicadas [67]. El ensuciamiento constituye el principal inconveniente de los
procesos mediados por membranas, ya que puede derivar en marcados descensos en la
densidad de flujo de permeado. La selectividad de la membrana también puede verse
afectada. Si el ensuciamiento es muy severo, es necesario detener el proceso para llevar
a cabo la limpieza de la membrana (mediante métodos fisicos o quimicos) o, en el peor
de los casos, ésta tendra que reemplazarse totalmente, aumentando los costes del

procedimiento.
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Procesos de membrana gobernados por la presion
Clasificacion

Estos procesos pueden clasificarse de acuerdo al rango de presion aplicado en cada
caso. Ademas, también tendrd gran relevancia el umbral de corte molecular de la
membrana (Molecular Weight Cut Off, MWCO, en inglés), el cual indica el peso molecular
de la sustancia mas pequefia cuyo rechazo por parte de la membrana es un 90%.

® Microfiltracion

Las membranas de suelen tener un tamafo de poro que varia entre
0.1y 10 um, lo que indica la versatilidad de esta técnica. Todas aquellas sustancias por
encima de este tamaio, como bacterias grandes y particulas coloidales, se obtendran en
el rechazo de la membrana, mediante el mecanismo de exclusion molecular [68]. Para
llevar a cabo esta separacién, la microfiltracién requiere presiones bajas, inferiores a 2
bares [69].

® Ultrdfiltracion

El umbral de corte molecular de las membranas de se sitla en 1 -500
kDa. Al igual que en la microfiltracién, el mecanismo de transporte a través de las
membranas de ultrafiltracion es la exclusion molecular. Asi, estas membranas son
capaces de rechazar bacterias, moléculas grandes, como proteinas, y la mayoria de los

virus [68]. Para ello, es necesario aplicar una presién de 0.5 — 8 bares.
® Nanofiltracion

En los procesos de , se retienen aquellas sustancias con un peso
molecular entre 100 y 1000 Da, ya que sobrepasan el tamafio de poro de las membranas
[70]. Esto determina mayores requerimientos de presion que en el caso de la
ultrafiltracion, alcanzando los 5-50 bar. En los procesos de nanofiltracién, el mecanismo
de disolucion-difusion a través de la membrana también influye en el transporte de las
sustancias, ademas de la exclusion molecular y la interaccién electrostatica entre los
solutos cargados y la membrana [71]. Aquellas especies rechazadas por las membranas
de nanofiltracién comprenden moléculas de menor tamafio, como algunos azlcares e

iones polivalentes.
#® Osmosis inversa

Las membranas de son capaces de rechazar incluso iones

monovalentes disueltos en la disolucién de alimento [72]. Unicamente el disolvente
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(normalmente agua) atraviesa la membrana, mientras que los sélidos se retienen [73].

Por ello, la ésmosis inversa es ampliamente utilizada a nivel industrial en operaciones de

desalacion. Se emplean membranas densas, que carecen de poros. Por lo tanto, el

transporte a su través es debido Unicamente al mecanismo de disolucién-difusién. En los

procesos de 6smosis reversa, es necesario aplicar presiones mas elevadas, entre 20y 80
bar [74].

Modos de operacion en los procesos de membrana

En una planta de membranas, existen diferentes configuraciones dependiendo de la

direccidn del flujo de la corriente de alimento con respecto a la membrana. La seleccién

de un modo de operacidn u otro es relevante, especialmente en determinadas

aplicaciones como el tratamiento de subproductos y aguas residuales.

£ 4

Asi, pueden distinguirse dos modos de operacidn principales ( ):
Filtracion tangencial Filtracion frontal
Alimento // S PR / Rechazo Alimento/
> > > ' ” Rechazo
4 D
Permeado Permeado
Filtracion de a la membrana: en esta configuracion, la corriente a

tratar se alimenta tangencialmente a la cara activa de la membrana. De esta forma,
se reduce el depdsito de sélidos sobre la superficie de la membrana, lo que minimiza
su ensuciamiento [75]. Ademas, en las instalaciones de flujo tangencial (o cross-flow,
en inglés) en las que se tratan subproductos y aguas residuales, la corriente de
rechazo se retira de forma continua del médulo de membranas y se suele recircular.
Esto puede derivar en mayores valores de flujo de permeado, con lo que se aumenta

la productividad del proceso.

Filtracion de a la membrana: en este caso, la alimentacion se
aplica perpendicularmente a la membrana. Por tanto, puede producirse la
acumulacion de solutos en las inmediaciones de la capa activa [75]. A nivel industrial,
estos procesos se llevan a cabo en mddulos de membranas. Por el contrario, a escala

de laboratorio, esta filtracion suele llevarse a cabo en celdas (conocidas con el
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término dead-end en inglés), en las que se produce una agitacion para reducir el
ensuciamiento de la membrana. Normalmente, la entrada de la corriente de
alimentacidn y la salida de la corriente de rechazo no se producen de forma
progresiva, a diferencia de la filtracién tangencial. Por el contrario, estas celdas se
cargan previamente con todo el fluido a tratar, y este se mantiene en contacto con
la membrana hasta que finaliza el proceso. En consecuencia, con el tiempo, los
sélidos presentes en el alimento pueden generar una torta sobre la superficie de la
membrana, afectando al flujo y a los rechazos de la membrana. No obstante, las
instalaciones de flujo frontal presentan menores requerimientos energéticos, y

pueden ser Utiles para tratar corrientes con bajo contenido en sélidos.

Procesos de membranas en medio acuoso vs. medio no acuoso

La gran mayoria de procesos de membrana tienen lugar en medio acuoso, ya que la
tecnologia de membranas encuentra una de sus mayores aplicaciones en el tratamiento
de aguas y en la produccidon de agua potable [76,77]. La aportacion de los procesos de
membrana a estos dmbitos es muy valiosa, debido a los bajos requerimientos
energéticos correspondientes a la mayoria de procesos, moderadas condiciones de
operacion, la posibilidad de automatizacién, etc. Todos los procesos de membrana
descritos anteriormente (microfiltracion, ultrafiltracién, nanofiltracion y &smosis

inversa) estan ampliamente extendidos en medios acuosos.

Sin embargo, los procesos de membrana en medios orgdnicos se encuentran aun en
desarrollo. El interés de la tecnologia de membranas para tratar corrientes en las que
existe uno o varios disolventes organicos es innegable. Industrialmente, los disolventes
organicos estan presentes en numerosos procesos productivos, como la sintesis de
determinados compuestos [78], la extraccion de moléculas de interés o la produccion y
desgomado de aceites vegetales [79]. Los procesos de membrana tienen aplicaciones en
todos estos campos, tanto en el mismo proceso productivo como en el tratamiento de
los efluentes y residuos generados. No obstante, la presencia de disolventes dificulta el
desempefio de las membranas, por lo que esta area de trabajo requiere mas esfuerzos
para perfeccionar los procesos y favorecer su expansion industrial. A nivel cientifico, la
mayoria de estudios se centran en la nanofiltracidn con disolventes organicos, u organic
solvent nanofiltration, en inglés [80-84]. Otros procesos de membrana menos
estudiados, como la ultrafiltracién con disolventes organicos o la ésmosis inversa con
disolventes organicos son objeto de una atencidn significativamente menor en la
literatura cientifica, no obstante, el interés de estos procedimientos es también elevado,

y su desarrollo puede tener un alto impacto en los actuales procesos productivos.
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IMPORTANCIA DE LA METABOLOMICA EN LA VALORIZACION DE SUBPRODUCTOS ALIMENTARIOS

La es el estudio, a nivel cualitativo y cuantitativo, del conjunto de
metabolitos de bajo peso molecular presentes en un determinado organismo, célula o
tejido, en un determinado estado bioldgico [85]. Cuando esta tecnologia se aplica al
ambito vegetal o alimentario, permite conocer de forma detallada, en un mismo andlisis,

la composicion de un alimento o matriz vegetal derivada [86].

El estudio metaboldmico de muestras bioldgicas reales (es decir, muestras no
simuladas ni dopadas artificialmente) no es directo. En concreto, las matrices vegetales
aunan una amplia variedad de compuestos, de muy diversa naturaleza quimica. Ademas,
dentro del metaboloma de una muestra, es posible encontrar compuestos
pertenecientes a un amplio rango de concentraciones, desde moléculas prevalentes,
muy concentradas, a simples trazas. En consecuencia, la , en

un mismo analisis, de todos estos metabolitos es una tarea exigente.

A pesar de la complejidad que puede derivarse de una aproximacién metaboldmica,
se trata de una estrategia altamente poderosa, ya que la informacidén que se obtiene
sobre la matriz de estudio es exhaustiva y pormenorizada. En comparacion con
estrategias de analisis total, que Unicamente ofrecen un dato global para un conjunto de
moléculas, un estudio metaboldmico permite determinar de forma individual cada uno

de los compuestos de interés de una matriz.

Para poder abordar estas estrategias, se emplean generalmente potentes
herramientas analiticas que permiten la separacién y deteccidon de los compuestos de
una muestra. Entre las técnicas separativas empleadas mayoritariamente se encuentran
la (HPLC, por sus siglas en inglés,
correspondientes a high performance liquid chromatography) y la cromatografia de
gases, ambas acopladas a distintos detectores, especialmente ,
pero también otros como fluorimetros o redes de diodos (diode-array), dependiendo de

la aplicacidn concreta.

Asi, un estudio metabolémico requiere de una preparacion adecuada de la muestra,
el andlisis de esta, el preprocesamiento de los abundantes datos obtenidos, el analisis
riguroso de dichos datos y, finalmente, la interpretacién de los resultados y/o tendencias
observadas [87]. Este flujo de trabajo puede aplicarse eficazmente para evaluar las
corrientes generadas mediante tecnologia de membranas. De hecho, el conocimiento
profundo de la identidad y concentracidon de cada uno de los metabolitos presentes en

las corrientes de alimento, rechazo y permeado de una membrana permite determinar



INTRODUCCION

el de cada compuesto. Esto brinda una informacion
extremadamente Util sobre el comportamiento de una membrana y el transporte a su

través.

Para analizar corrientes vegetales derivadas de procesos de membrana, es
especialmente util el empleo de la cromatografia de liquidos acoplada a espectrometria
de masas, que ofrece alta sensibilidad y permite detectar la mayoria de los compuestos
organicos, incluso en muestras complejas [86,88,89]. Por tanto, se trata de una excelente
técnica para evaluar los extractos procedentes del alperujo tras su tratamiento mediante

ultrafiltracion, nanofiltracion y/u dsmosis inversa.
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The two-phase olive mill waste is enormously produced in the
Mediterranean area. This major waste is significantly rich in bioactive compounds that
are highly valued by industry, such as phenolic and triterpenic compounds. Here, a
thorough study of the most suitable solvent, extraction time, and temperature for the
large-volume, solid-liquid extraction of bioactive compounds has been made, in order to
achieve maximum concentrations of the target compounds. Ultrasound effect has been
considered. A deep characterization of the extracts by high-performance liquid
chromatography coupled with electrospray-quadrupole-time of flight-mass
spectrometry (LC-ESI-qToF-MS) has contributed to evaluate the effect of the operational
parameters on the extraction performance. Forty-four compounds have been found and
classified in their corresponding chemical families. At the optimum experimental
conditions (EtOH 50% (v/v), 40°C, ultrasound-assisted), more than 6.8 mg/g of bioactive
content was recovered, and it was later purified by means of ultrafiltration. The
membrane UPQO5 retained a significant percentage of the organic matter, whereas most
of the bioactive compounds were recovered in the permeate. This contributed not only
to revalorize this waste, but also to reduce its organic load and phytotoxicity, thus
protecting the ecosystem of the final disposal zone of the residue.

two-phase olive mill waste, phenolic compounds, ultrasound-assisted

extraction, ultrafiltration, LC-MS.

INTRODUCTION

The vast majority of the olive mills use the two-phase process to produce olive ail,
which requires a lower water consumption than the three-phase process [1]. Together
with the olive oil, the two-phase process results in a by-product that consists of a
combination of the widely known olive mill wastewater (OMWW) and olive pomace. This
residue is entitled by different names in literature, but an accepted designation is two-
phase olive mill waste (TPOMW) [2]. The TPOMW, also known as “alperujo” by its name
in Spanish, is a wet, semisolid paste, with remnants of olive pulp and stone and a
moisture content of 55-75%. It is highly enriched in organic matter, including phenolic
compounds. Additionally, other molecules from the minor fraction of olives can be found
[3,4].

The environmental impact of TPOMW is undeniable, especially in the Mediterranean
area, where the production of olive oil (and the subsequent residues) is concentrated
during a few months of the annual campaign. Every year, between November and March,
4-10 million tons of TPOMW are generated [5,6], and the risk of discharging it without

any previous treatment increases exceptionally. Some biological treatments have been
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suggested as a strategy to dispose of the TPOMW, such as composting and
biodegradation [3,7-11]. However, the antibiotic and phytotoxic character of the
phenolic compounds may hinder the growth of the microorganisms implied in the
process. Thus, the extraction of the polyphenols before any management is

recommended.

Still, the biophenols and other compounds present in the olive-derived products,
such as TPOMW, are associated with effective antioxidant properties. Their antiaging
effect [12] and their associated prevention against cardiovascular diseases and neoplasia
processes have also prompted a high interest in applying these bioactive compounds in
the pharmaceutical and cosmetic fields. Thus, the recovery of phenolic compounds from
the residues originated in the olive mills represents a double benefit. On one side, high-
value products are obtained at an affordable cost and, additionally, the organic load and
phytotoxicity of the by-product are reduced.

As the TPOMW is a solid waste, it requires additional extraction steps to recover
these compounds from the solid matrix, as opposed to the more widely studied OMWW
liquid effluent. Ultrasound-assisted extraction (UAE) has proven to be a proper strategy
to extract phenolic compounds from a variety of alimentary matrices, including olive-
derived products [4,13—-15]. As a consequence of the molecular turbulence and the
cavitation phenomenon that takes place in the ultrasound bath, better extractions of
interesting compounds can be reached in lower times, and usually lower volumes of
solvents are required [16]. Several parameters have to be optimized in order to enlarge
the efficiency of the process, such as the selected temperature, time of extraction, and
solvent of choice. In this contribution, it has been developed and optimized a
methodology to extract from TPOMW a wide range of bioactive compounds belonging
to the minor fraction of olives (including phenolic compounds, triterpenic acids, and fatty
acids). The large-scale implementation has been considered through two premises: high
volumes of the sample have been managed during the study and, also, the single-step
strategy has been preferred. Those considerations are not widely found in literature, but
are very desirable to avoid future irreproducibility during the potential industrial

application.

In order to evaluate the extraction procedure, a multi-family method based on liquid
chromatography coupled to mass spectrometry (LC-MS) has been employed. Afterwards,
the extract obtained with the selected parameters has been treated by an ultrafiltration

process, aiming to remove the concomitant organic matter that accompanies the
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phenolic compounds in the extract. This technique has proven to be highly relevant when
recovering bioactive molecules from agrofood residues. Furthermore, it offers important
advantages such as high selectivity, feasible membrane reutilization, large-scale
applications, etc [17].

Considering the literature gap regarding the fruitful and scalable utilization of this
by-product, this work provides an efficient strategy to reuse such a significant residue.
The scientific community has, of course, gained awareness in this regard and there are
several investigations that have demonstrated the bioactive richness of the TPOMW [18—
20]. However, the green approach has not always been contemplated.

Moreover, an absolute quantification of total phenolic content has been the
prevailing trend [21-23]. This approach is highly valid, but it could be less descriptive
than an individual determination of each compound. The latter allows a better
understanding of the matrix content and permits the identification of the most
interesting and potential molecules. In some cases, the recovery of some specific
molecules is aimed, attending to commercial or industrial requirements, and, in that
scenario, the importance of knowing the type and identifying each biophenol is
undeniable. In this study, we have combined a bio-compatible treatment of the
promising sub-product TPOMW with a membrane-technology procedure and a robust
LC-MS methodology to effectively understand the efficiency of the process. The
preparation, comprehension, and primary purification of the extracts obtained here is a
baseline that allows the exploitation of this contaminant olive mill residue. Moreover,
the orientation to a large-scale production that has been considered is quite desirable to

fulfill industrial necessities.

MATERIAS AND METHODS
Materials

Samples of TPOMW were kindly provided by San Isidro Cooperative (Segorbe,
Valencia, Spain). They were obtained during the campaign of 2020/2021. Before being
processed in the laboratory, samples were stored at 5°C and 50% humidity to avoid the
proliferation of microorganisms. To prepare mobile phases for LC-MS, acetonitrile
(Honeywell, USA), acetic acid (Honeywell, USA) and ultrapure water were employed.
Water was obtained from a Direct-Q®, 3UV system (Merck Millipore, USA). Pure
standards of caffeic acid, luteolin, and p-coumaric acid were purchased from Sigma-
Aldrich (USA). Hydroxytyrosol and oleuropein were obtained from BioNova Cientifica

(Spain) and PanReac Applichem (Spain), respectively. Standard solutions were prepared
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in the appropriate solvent, diluted to the desired concentrations and stored at -20°C
prior to their utilization. Depending on the sample to be evaluated, standards were
diluted in pure ethanol (VWR, USA), pure water, or EtOH/water 50:50, in a

volume:volume basis (v/v).

Extraction of phenolic compounds

Two different strategies of solid-liquid extraction were evaluated for the recovery of
interesting compounds from TPOMW: conventional extraction and UAE. Moreover, the
type of solvent (water or EtOH and their mixtures), the temperature (20, 30 and 40°C)
and the duration of the extraction (5, 15, 30, 60, 90 and 120 minutes) were studied.

For the conventional extraction, a constant stirring at 200 rpm was performed by an
overhead stirrer (Heidolph, Instruments, Germany) and a pitched-blade impeller. In the
case of the UAE, a temperature-controlled Elmasonic P 70 H ultrasound bath (Elma,
Germany) was employed. The frequency and power of the applied ultrasounds were
37 kHz and 220 W, respectively. Between the two possible frequency values supported
by the equipment (37 and 80 kHz), 37 kHz was chosen according to the manufacturer’s
recommendations for mixtures and dispersions. Ultrasonic power was set to the
maximum to obtain a maximum amplitude, which influences the cavitation process.
Indeed, some authors have achieved satisfying extractions with similar ultrasound
powers and agro-alimentary matrices [24—26]. As the large-scale aspect was one of the
crucial aspects of this work, 900 g of TPOMW were weighted to be extracted with 9 liters
of solvent. A sample/solvent ratio of 1:10 (on a mass/volume basis) was considered. Once
the extraction process was initiated, 40 mL aliquots were collected at the different time
points set before. Extracts were then centrifuged (ThermoFisher, USA) at 17200 RCF for
6 min. The resulting supernatants were filtered using SFMC-245-100 0.5 um filters

(ThermoFisher, USA) before their characterization.

Statistical analysis

The software Statgraphics Centurion 18 and Microsoft Excel 365 were employed to
assess the analysis of the obtained results. The standard deviations reported in the
Results section correspond to the deviation among experimental replicates. One-way
analysis of variance (ANOVA) was applied to the results to evaluate the statistical
differences, which were considered when the P-value from the Tukey’s test was lower
than 0.05. The data derived from the extraction experiments were subjected to a
response surface analysis, in order to maximize the concentration of polyphenols in the

extract, by means of the variation of the independent variables (temperature, ethanol
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concentration and time). To evaluate the goodness of the model fit, the values of R? and
adjusted R? were considered.

Ultrafiltration procedure

The optimum extract in terms of phenolic content was subjected to an ultrafiltration
process in a solvent-resistant, dead-end XFUF 076 01 stirred cell (Merck Millipore, USA).
The membrane was selected according to previous results of our research group [27],
pursuing the lowest rejection to the phenolic compounds and the highest rejection to
the rest of the organic matter. Thus, the membrane UP005 (Microdyn Nadir, Germany)
was employed. It is composed of polyethersulfone and exhibits a molecular weight cut-
off of 5kDa. Before its utilization, the membrane was immersed in the pure solvent
(EtOH/water 50:50 (v/v)) for 2 hours to condition the polymer and prepare it for the
contact with the ethanolic sample. Moreover, it was subjected to a compaction step at a
transmembrane pressure of 5 bar and a stirring speed of 400 rpm.

The ultrafiltration experiments were carried out at 2 bar and 400 rpm and were
conducted until a volume reduction factor (VRF) of at least 2.5 was achieved. Samples of
the extract, final retentate, global permeate (recovered during the whole process) and
instantaneous permeate collected at each time point were characterized to calculate the
rejection values. They were calculated by means of equation (1), which results from the
material balance applied to the solute during a concentration experiment (assuming that

rejection is constant and not dependent on the concentration in the retentate) [28]:
C, = C,- VRFR (1)

where C, is the concentration in the retentate, C, is the concentration in the feed
solution (TPOMW extract), VRF is the volume reduction factor, and R is the rejection
coefficient. Additionally, the reduction observed for the color and conductivity values

was calculated according to:

Elimination = 1 — fj—” - 100 2)
0

where C,, is the concentration in the ultrafiltration permeate.
Characterization of TPOMW, phenolic extracts and UF streams

Measurement of phenolic and triterpenic content in the extracts

To obtain preliminary results in a short time, the Folin-Ciocalteu methodology was

conducted to assess the concentration of total phenolic content [29], which was
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expressed as milligrams of tyrosol equivalents per gram of TPOMW (mgTYeq/g of wet
material).

Once the general results of the different extractions were evaluated, a single time of
extraction was chosen. With the variable of time fixed, the rest of the extracts
corresponding to all combinations of solvent types, temperature and type of extraction
(UAE or simple agitation) were subjected to LC-MS. Also, the ultrafiltration streams were
analyzed using this methodology. A 1260 Infinity Il LC system coupled to a
6546 quadrupole-time-of-flight (qToF) mass analyzer (Agilent Technologies, USA) was
employed. Electrospray was used as an interface. To develop the multi-class LC-MS
methodology that was required to understand the whole content of the extracts,
previous works about excellent characterizations of olive matrices were revised and
taken as a reference [30,31].

After an injection of 5 pL, analytes were separated throughout an InfinityLab
Poroshell 120 EC-C18 column (3.0 x 100 mm, 2.7 um particle size) (Agilent Technologies,
USA), operating at a temperature of 40 °C. Elution of compounds was performed by using
water as phase A and acetonitrile as phase B. Both mobile phases were acidified with
0.5% of acetic acid (v/v) and the gradient was as follows: 5% (0-0.5 min), 11% (achieved
at 2.5 min), 20% (at 7 min), 35% (at 18 min), 95% (at 22 min). After 24 min of total analysis
time, a post-time of 3 minutes was dedicated to the column equilibration. Flow rate was
0.5 microliters/minute. Mass spectrometer worked on negative polarity and full scan
mode (30 — 1000 mass/charge ratio (m/z)). The main parameters to be optimized for the
ionization source were drying gas temperature and flow (200°C and 8 L/min,
respectively), nebulizer pressure (30 psi) and capillary voltage (3500 V). To perform ion
mass corrections, a calibrant solution was employed. It provided the m/z values of
112.9856, 966.0007, and 1033.9881 as references.

The identification of the peaks, obtained by LC-ESI-qToF-MS, was achieved by the
study of mass spectrometry data of the samples and the corresponding pure standards.
Additionally, previously reported information [14,31-33] and a self-created database of
olive-derived compounds were considered. The software MassHunter (Agilent, USA), in
its Qualitative and Quantitative versions, was used to explore the chromatograms. For
guantitation purposes, peaks were integrated and the obtained areas were interpolated
in the corresponding external calibration curve of caffeic acid (y = 18150033x — 587113
in EtOH/water 50:50 (v/v); (y = 6073596x — 485768 in water; y = 19739706 — 816146 in
pure EtOH), hydroxytyrosol (y=18579981x — 1272129 in EtOH/water 50:50 (v/v);
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y = 10404695x — 3868981 in water; y =27772509x — 886432 in pure EtOH), luteolin
(y =20409358x + 7314701 in EtOH/water 50:50 (v/v); y = 19299x - 83897 in water;
y =209173844x — 1429030 in pure EtOH), p-coumaric acid (y = 1576099x + 10829796 in
EtOH/water 50:50 (v/v); 1872460x — 2645579 in water; y = 24961035x + 479131 in pure
EtOH) or oleuropein (y = 6209163.2x — 538759 in EtOH/water 50:50 (v/v);
y =3755542.9x — 2315616.2 in water; y = 10674099.3x — 228475.4 in pure EtOH). In all
cases, the concentration of the standard analyte was the independent variable, whereas
peak intensity was the dependent variable. All regression coefficients (r?) were above
0.9934. When several isomers belonging to the same compound were found, the sum of
their areas was considered, and that data was employed to obtain one value of
concentration. That procedure was proven to be valid before [34]. As will be described
in the Results section, the number of found compounds surpassed by far the number of
standards. However, a semi-quantitative analysis was considered sufficient to compare
the results obtained with the different treatments and is also very usual when such
number of molecules are determined [35,36].

To establish the limit of detection (LOD) and the limit of quantification (LOQ) of the
method, it was calculated the analyte concentration that gave a signal to noise ratio of 3
and 10, respectively. To evaluate the precision, intra-day repeatability was assessed
through the relative standard deviation (RSD) of three different injections (within the
same LC-MS sequence) of an ultrasound-assisted extract obtained with EtOH/water
50:50 (v/v), at 40°C.

Other techniques applied for the characterization of the extracts

To fully characterize the extracts, pH (pHmeter GLP31+, Crison, Spain), electric
conductivity (Conductimeter GLP31+, Crison, Spain), and total solid content were
measured. The total sugars content was determined using the anthrone method [37,38].
Color was determined according to ISO 7887:2011, method B [39]. Absorbance (4) was
measured at three different wavelengths (436 nm, 525 nm, and 620 nm) using a UV-
VIS DR 6000 spectrophotometer (Hach Lange, Germany). The color coefficient was given

by the following formula:

(A336+A%,5+4220)

Colour =
(A436+A525+4620)

(3)

Evaluation of the one-step extraction

Once the best conditions regarding time, temperature, and ultrasounds application

were determined, the recovery capacity of the technique was evaluated. To that end, the
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sediment that remained after the centrifugation stage was re-extracted (by applying the
same process as before). In order to maintain the same ratio of sample/solvent, the
sediment was weighted to adjust the needed volume of extractant. This cycle was
repeated once again with the sediment of the second extraction, to ensure that the
percentage of residual olive minor fraction in the sample (the percentage that was not
extracted) was sufficiently low to qualify the extraction as truthful. The supernatants
obtained by each of the three extraction cycles were analyzed through the procedures
detailed in sections 2.5.1 and 2.5.2.

3. RESULTS AND DiIsCUSSION
3.1. Total phenolic content

Figure 1.1 shows the results of the applied UAE and agitation-mediated extraction.
According to the figure, the highest efficiency of extraction was obtained with
EtOH/water 50:50 (v/v) in all cases, regardless of the extraction time, temperature, or
presence of ultrasounds. Water was the following solvent in terms of extractant power,
whereas pure ethanol presented the worst results. The selection of the solvent to extract
phenolic compounds is not trivial. Babbar et al. compared the effect of using methanol,
ethyl acetate, chloroform, and hexane as solvents in the extraction of phenolic
compounds from a range of vegetable wastes. In all cases, methanol proved to be the

most effective solvent [40].
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Figure 1.1. Total phenolic content of the whole set of extracts obtained from ultrasound-assisted
extraction (UAE) and agitation-mediated extraction, at the different temperatures and time points
evaluated. Error bars indicate the standard deviation of the experimental replicates.
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Other solvents, such as N,N-dimethylformamide, mixtures of tetrahydrofuran/water
or even tensioactive species have been employed too for the isolation of phenolic
fractions [41]. However, other relevant considerations should be made when it comes to
selecting the solvent, not only its recovery potential. Nowadays, environmentally friendly
solvents (such as ethanol (EtOH) and even water) should be preferentially employed.
Zagklis and Paraskeva considered this during their study on the extraction of phenolic
compounds from grape marc, opting to use EtOH/water mixtures as a solvent due to
environmental considerations and suitability with respect to the food industry [42].

In this study, the presence of ethanol in the solvent mixture (ethanol/water)
contributed to obtain an adequate polarity to recover phenolic compounds. The
optimum results obtained with the mixture of 50:50 (v/v) were coherent and in
accordance with previous findings [43]. The results obtained with pure ethanol can be
attributed to a fast dehydration of vegetable cells, which may result in the aggregation
of microcellular material (such as proteins, cell wall components, etc.) and hinders the
diffusion of compounds to the solvent [44]. Considering the variable of time, most of the
phenolic content was extracted rapidly, especially in the UAE cases. Nevertheless, a small
increment of the extraction yield can be observed in the first minutes and during the first
hour for most of the experimental conditions tested. This can also be revised in
(panel A), which contains the surface response analysis of the total phenolic content with
the variation of time and ethanol concentration at a constant temperature of 40°C.
According to the ANOVA data for the fitting of the response surface model, the plots
presented in and correspond to models of statistical significance. This
was supported by high F values (higher than 6.38 for the graph in and higher
than 59.89 for the model in ) and P values lower than 0.0429 ( )
and 0.0002 ( ) for the considered effects. Additionally, the model adequacy
was endorsed by a R2 of 0.9446 and 0.9758 and an adjusted R2 of 0.9138 and 0.9677 for

and , respectively. Those results motivated the selection of an extraction
time of 60 minutes for the following studies, in order to ensure that maximum phenolic
content was extracted. Regarding the temperature, an increment higher than 3 mg/gin
the recovery of phenolic compounds can be observed as this variable increases from 20°C
to 40°C. The data displayed in suggested that higher temperatures and the
application of ultrasounds were best for the extraction performance. To confirm these
results and to better assess the effect of the sonication, all extracts (at the time of

60 minutes) were also analyzed by LC-MS.
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3.2. Quantification of the compounds identified by LC-MS

After the characterization by LC-MS of all the obtained extracts (at the three
temperatures, three types of solvent and both conditions of sonication or agitation), 41
compounds were identified and classified in their corresponding chemical family.
Table .1 contains a thorough description of the composition of the analyzed samples.
Compound identification, retention time (Rt), m/z, and assigned chemical class are
described. Three additional species were detected, but their identification was not
possible. In those cases, a molecular formula was proposed after the study of spectral
data with MassHunter. Those formulas and the software score assigned to each labeling
are available in Table 1.1.

Table 1.1. Retention time (Ry), mass/charge ratio (m/z) and assigned identity and chemical class of
the compounds detected by LC-ESI-qTOF-MS. Scores of the molecular formulas achieved with
MassHunter when identification was not possible are indicated in brackets.

1.001 Quinic acid 191.0555 Organic acids
1.051 Malic acid 133.0150 Organic acids
2.538 Vanillic acid 167.0352  Phenolic acids
and aldehydes
3.173 Hydroxytyrosol 153.0551 Simple phenols
3.641 Acyclodihydroelenolic acid hexoside 407.1560 Secoiriodoids
3.942 Hydroxy-decarboxymethyl elenolic acid 199.0607 Secoiriodoids
4.443 C7H1,0s (score: 86.96%) 175.0614 Unknowns
- Phenolic acids
5.061 Vanillin 151.0396 and aldehydes
S Phenolic acids
5.279 Caffeic acid 179.0347 it el
5.429 Gallocatechin 305.0702 Flavonoids
5.913 Hydroxyelenolic acid 257.0669 Secoiriodoids
5.930 Tyrosol 137.0608 Simple phenols
6.114 Decarboxymethyl elenolic acid 183.0658 Secoiriodoids
6.164 Elenolic acid glucoside 403.1246 Secoiriodoids
6.281 C16H26010 (score: 96.93%) 377.1453 Unknowns
6.899 p-Coumaric acid 163.0397  Fhenolicacids

and aldehydes
6.999 Aldehydic form of Decarboxymethyl Elenolic acid 215.0925 Secoiriodoids

7.250 Phenylethyl primeveroside 415.1612 Secoiriodoids
8.042 C11H1606 (score: 99.12%) 243.0876 Unknowns
8.136 Dehydro-oleuropein aglycone 375.1087 Secoiriodoids
8.186 Hydroxyoleuropein 555.1717 Secoiriodoids
8.603 Luteolin rutinoside 593.1516 Flavonoids
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R Compounddemty  m/z Chemicalfamily

9.489 Luteolin 7-O-glucoside 447.0933 Flavonoids
9.697 Oleuropein 539.1769 Secoiriodoids
9.772 Elenolic acid 241.0720 Secoiriodoids

Phenolic acids

10.391 Ferulic acid 193.0503 and aldehydes
10.508 Hydroxytyrosol acyclodihydroelenolate 381.1560 Secoiriodoids
11.761 Decarboxymethyl oleuropein aglycone 319.1187 Secoiriodoids
11.811 Pinoresinol 357.1337 Lignans
11.827 Ligstroside 523.1820 Secoiriodoids
13.048 Luteolin 285.0405 Flavonoids
14.083 Oleuropein aglycone 377.1242 Secoiriodoids
16.306 Diosmetin 299.0558 Flavonoids
19.931 Dihydroxy-hexadecanoic acid 287.2230 Fat?y a.CIdS
derivatives
20.511 Ligstroside aglycone 361.1293 Secoiriodoids
20.783 Trihydroxy-octadecenoic acid 329.2335 Fatty acids
derivatives
21.485 Gingerol 293.1759 Flavonoid
21.619 Betulinic acid 455.3538  Triterpenic acids
22.654 Hydroxy-octadecatrienoic acid 293.2122 Fat'Fy agds
derivatives
22.655 Dihydroxy-octadecanoic acid 315.2516 Fatty acids
derivatives
22.989 Hydroxy-octadecadienoic acid 295.2277 Fatty acids
derivatives
23.189 Maslinic acid 471.3488  Triterpenic acids
23.406 Hydroxy-octadecenoic acid 297.2435 Fatty acids
derivatives
23.590 Hydroxy-octadecanoic acid 299.2591 Fat'Fy a.CIds
derivatives

In the case of the m/z 175.0613, such formula may correspond to the isopropyl malic
acid. Other unknown compounds corresponded to m/z 377.1451 and m/z 243.0876.
They have been already found in olive flours [14] and other samples related to the olive
pulp [35]. Proposed empirical formulas were coincident with those in literature, even
when a different software was employed. The applied LC-MS methodology permitted the
evaluation of more than 40 compounds (from different chemical families) within a single
run, which facilitated the study of the phenolic profile. The latter was considered very
promising for future applications, as many of the most valuable polyphenols in the
industry were present in the extracts. Although the non-targeted approach has not been
commonly applied during the analysis of TPOMW, the composition of the samples in this

study was consistent with relevant previous literature [45,46].

71



EXPLORING THE EXTRACTION OF THE BIOACTIVE CONTENT OF TWO-PHASE OLIVE MILL WASTE AND FURTHER PURIFICATION
BY ULTRAFILTRATION

contains two chromatograms in which peaks distribution can be explored.
As the figure shows, there were some peaks with a notably large area, in contrast with
other shorter peaks that are less visible in the chromatogram because of the figure scale.
The first chromatogram corresponds to an ultrasound-assisted extraction, whereas the
second was obtained by simple agitation. As can be seen, some differences stand out.
Both chromatograms are from samples obtained with the same solvent
(EtOH/water 50:50 (v/v)), at the same temperature (40°C). Comparison of peak height
within the same chromatogram could be misleading, because different compounds
might display different response factors in the mass spectrometer. Therefore, the visual
inspection of the figure should be done by comparing the behavior of the same peak in
each sample. Several compounds that were better extracted by means of ultrasounds
application have been marked with colored arrows.

Some of the most relevant peaks in the upper chromatogram (UAE) were much
shorter or even absent in the bottom one (agitation). This fact contributed to enlarge the
concentration of phenolic compounds in the sonicated sample. The 44 detected
compounds were found in both cases, which set the agitation-mediated strategy as a
proper methodology to easily recover the olive minor-fraction. However, it is undeniable
that the sonication contributed to increase the phenolic content of the final extract and
its application was very desirable to get the most out of the TPOMW, in terms of phenolic

compounds.

Analytical parameters of the LC-ESI-qToF methodology that allowed these findings
can be revised in Supplementary Table 1.1. The table shows the obtained values for LOD,
LOQ, and method repeatability. LODs were found to be below 0.098 ppm in all cases and
LOQs were in the range of 0.002-1.217 ppm. These results were satisfactory, as they
allowed the quantification of all the compounds detected. All calculated concentrations
were analytically valid, considering the parameters of Supplementary Table 1.1. The
results for the RSD of three injections of the same sample were very low, which indicated
a good repeatability of the analytical strategy developed.
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Figure 1.2. Extracted ion chromatograms of two samples of two-phase olive mill waste (TPOMW),
extracted by sonication (upper chromatogram) and simple agitation (lower chromatogram).
Arrows of the same color indicate the peaks corresponding to the same compound in each one of

the extraction studies.

3.3. Selection of best conditions to recover the olive minor fraction

The samples of TPOMW contained organic acids, simple phenols, phenolic acids and

aldehydes, flavonoids, a lignan (pinoresinol), secoiridoids (the most abundant chemical

class, by a notorious difference), triterpenic acids and fatty acid derivatives. The

distribution of these families for the studied strategies of agitation and ultrasound-

assisted extraction is presented in Figure 1.3.
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Figure 1.3. Obtained concentration of phenolic compounds and other chemical families after the
ultrasound-assisted (left graphs) and agitation-mediated (right graphs) extractions, with the three
solvents tested, at different temperatures.
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As it was observed in the quantification of total phenols, EtOH/water 50:50 (v/v)
performed remarkably. This can also be observed in Figure 1.4B, which shows the surface
response analysis with ethanol concentration and temperature as independent
variables, at an extraction time of 60 minutes. Water was also a good alternative, as the
obtained concentration levels were interesting too, but the lower efficiency for
flavonoids was noticeable in Figure 1.3. Considering the concentration values and the
correct extraction of all chemical families present in the samples of TPOMW, EtOH/water
50:50 (v/v) was confirmed as the best solvent.

A . B Phenolic Content
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Figure 1.4. Response surface analysis for the total phenolic content obtained with the different
extraction variables. Data from plot A correspond to a temperature of 40°C. Data from plot B
correspond to an extraction time of 60 minutes.

Regarding the temperature, Figure 1.4B does not indicate any preferential
temperature when the total phenolic content at the three tested temperatures is
considered. However, if some chemical families, such as simple phenols and flavonoids,
are analyzed individually after the extraction with EtOH/water 50:50 (v/v), 40°C stands
out as more efficient. These chemical classes are of special interest because many
biological positive effects have been attributed to their principal representatives [47,48].
In fact, the health claim approved by the European Food Safety Authority about olive oil
phenolic compounds was based in the hydroxytyrosol content. According to the ANOVA
applied to the concentration values obtained at the different temperatures for the
extraction with EtOH/water 50:50 (v/v), the individual family of simple phenols (which
include hydroxytyrosol) displayed differences of statistical significance (P-value <0.05,
according to F test) among the values obtained at each temperature. This also occurred
for the phenolic acids, which include relevant compounds such as ferulic and caffeic acid.
In this case, the concentration obtained at 20°C was not significantly different from the
concentration obtained at 30°C, but both mean values were statistically different from
the concentration of phenolic acids obtained at 40°C. The specific concentration of
simple phenols and phenolic acids can be found in Supplementary Figure 1.1. As the
discussed molecules were preferentially extracted at 40°C, it seems pertinent to apply

this temperature.
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Global results of total phenolic content (Figure 1.1) already suggested that
ultrasounds application would contribute to the extraction of the olive minor fraction
from TPOMW. Indeed, LC-MS data showed that higher levels of these phytochemicals
were obtained by the UAE approach. This was evident for flavonoids, simple phenols,
and phenolic acids and aldehydes. However, the most evident results were once again
those for secoiridoids, which surpassed 3.5 g/kg when sonication was applied and stayed
at 3 g/kg in the cases of simple agitation. As has been already commented, the cavitation
bubbles formed during sonication can damage the vegetal tissue [24,49]. As a
consequence, solvent penetration within the sample is increased, and thus, compounds
transfer and recovery are enhanced. Since the objective of this work was to extract the
maximum levels of antioxidants and other interesting molecules to further exploit their
properties, the UAE strategy was preferred against agitation. More details regarding
color, pH, and conductivity of the solutions obtained through the UAE process, with
ethanol/water 50:50 (v/v), at 40°C have been provided in Supplementary Figure 1.2.
Those results reflect that pH stayed essentially constant during the extraction stages.
Conductivity and color followed a similar trend to total phenolic compounds, which was
shown in . That distribution supports our initial reasoning about a rapid

liberation of the majority of the compounds from the matrix.

displays a comparison of the concentration ranges achieved in the extract
during the sonication-mediated extraction and the extractions performed by agitation

only. Results have been specified for every chemical family detected in our analysis.

The results of the concentration of each chemical class contained in
indicated that secoiridoids were the most concentrated group. This is corroborated by
the concentration ranges in . The molecule of hydroxy-decarboxymethyl
elenolic acid was always the most concentrated secoiridoid, no matter the conditions
applied during the sample treatment, and it was better extracted at 40°C, when

ultrasounds were applied (by a difference of more than 150 mg/kg).
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Table 1.2. Concentration ranges for the compounds that belong to the chemical families detected by LC-ESI-qTOF-MS. Results correspond to two extracts obtained
with EtOH/water 50:50 (v/v), at the condition of sonication or agitation and the three tested temperatures. Relative standard deviation was in the range of 0.11%-
13.23% for all the concentrations included in the table. Evaluation of the efficiency of the extraction at the selected conditions

Secoiridoids

Organic acids

Flavonoids

Phenolic acids and aldehydes

Simple phenols

Fatty acids derivatives

Triterpenic acids

Lignan-pinoresinol

Unknowns

40°C

2.61-1982.57

307.05-690.42

5.70-832.31

6.93-193.70

5.76-511.37

1.99-27.60

1.85-46.78
6.48

25.17-89.25

UAE, EtOH/water 50:50 (v/v)

30°C

0.59-1206.74

293.44-631.46

5.06-454.40

1.48-116.51

6.52-163.80

0.58-26.15

0.46-60.96
2.04

12.18-213.03

Agitation, EtOH/water 50:50 (v/v)

20°C 40°C 30°C 20°C

1.97-1761-55 2.50-1814.44 2.25-1605.56 2.22-1555.57

270.30-640.58 267.68-659.74 319.58-657.58 319.89-643.23

4.65-619.10 3.92-710.20 3.58-488.51 3.54-456.32
1.87-138 2.50-299.41 2.24-241.51 2.30-284.56
10.23-34.77 7.57-105.53 5.89-70.08 5.05-51.88
2.38-63.01 2.54-69.50 2.64-54.43 2.86-48.09
1.86-30.31 1.85-31.28 1.84-18.32 1.84-20.63
2.57 3.71 3.10 3.13
24.84-217.50 16.79-208.02 14.30-136.48 15.14-99.56
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To evaluate the efficiency of the process, the remaining sediment obtained after a
first UAE cycle was successively re-extracted. Sample re-extraction was preferred over
its external fortification, because the solid character of TPOMW may hinder the uniform
incorporation of new molecules to the matrix.

From Figure 1.5, it is possible to conclude that the developed one-step extraction is
sufficient to recover almost all the phenolic content of the TPOMW samples, either after
the extraction with ethanol at 50% or water (which were the most promising solvents, as
explained before).
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Figure 1.5. Achieved concentration values of total phenolic content, total solids, and sugars after
each extraction cycle. The obtained color coefficient is also shown. Ultrasound-assisted extraction
was performed with a solvent to sample ratio of 1:10 and 40°C. Error bars refer to the standard
deviation of experimental replicates.
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After the second extraction, less than 27% of the phenolic content determined in the
first cycle was detected. The residual biophenols after this second extraction were
already limited, and after the third cycle, only 7% of the initially extracted phenolic
content was recovered. Most of the sugars were also retrieved after the first extraction.
These results confirmed the high efficiency of the UAE procedure corresponding to the
first cycle. Considering that this was a large-volume extraction, the recovery of the
highest bioactive percentage in a single step is of relevance. This avoids using more
solvent and simplifies the process, contributing to its large-scale adaptation. In the case
of the aqueous extraction, the obtained concentration of polyphenols was lower (as
expected, considering and 1.3). Still, the efficiency was satisfactory, because
the sample was already quite exhausted after the first cycle of extraction. A similar trend
can be observed for the total solids. A disadvantage that can be attributed to the aqueous
extraction is the proportion of extracted polyphenols with respect to the total solids
(these may include undesired molecules, such as sugars). This proportion was more than
three times higher in the extraction with EtOH at 50%, which was remarkable. Regarding
the color determined in the extracted fractions, this was the only parameter that
behaved differently. The first extract did not display a much higher color coefficient than
those from the subsequent cycles. However, the lower capacity of the solvents to
transport pigments from the sample was a positive situation, as the final product would

be clearer.

Considering these aspects, the extraction with EtOH/water 50:50 (v/v) can be again
confirmed as a powerful procedure. It is important to highlight that the results achieved
with water were also of interest, as high concentrations of phenolic compounds were
acquired. However, as this study pursued the recovery of most of the bioactive content
from TPOMW and ethanol is also considered a green solvent, the ethanolic mixture was

selected.

Ultrafiltration of the most favorable extract

The permeate flux experienced a decline from 4.5 L/h-m?, obtained at the beginning
of the process, to 2.6 L/h-m? which was registered at a VRF of 2.8 and 2 bar of
transmembrane pressure. This decrease resulted from the sample concentration in the
membrane module and, consequently, the increasing concentration of the solutes.

exposes the fraction of organic matter retained by the membrane. Two axes
have been provided, as the results about color and conductivity refer to elimination
(equation 1) and the results about total solid content, total sugars content and olive

minor fraction refer to rejection (equation 2). To calculate the rejection to the olive
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minor fraction, the total concentration of the molecules corresponding to each chemical
family was considered.

As shown in the Figure 1.6, the membrane retained almost all the total solids and
sugars of the TPOMW extract. The color coefficient was also reduced, whereas the

majority of the olive minor fraction was recovered in the permeate.
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Figure 1.6. Performance of the UPOO5 membrane in terms of elimination of color and conductivity
and rejection of compounds (total solid content and olive minor fraction) after the ultrafiltration
process conducted at 2 bar. Error bars indicate the standard deviation observed for experimental
replicates. The sector diagram illustrates the specific rejection for each chemical class of phenolic

compounds and triterpenes.

These results were very promising, as very valued compounds have been recovered
in the permeate, while other existent molecules (such as sugars, pigments and other
solutes) remained in the membrane retentate. Regarding the olive minor fraction, none
of the chemical classes were highly retained, but it is especially remarkable that some of
them were not rejected at all. That is the case of phenolic acids and aldehydes, which
include molecules so highly appreciated by industry as ferulic acid, vanillin or p-coumaric
acid [50]. Similarly, simple phenols (including a high proportion of hydroxytyrosol) were
almost completely recovered in the permeate, at a much higher purity than in the initial

extract. The individual concentration of each compound can be revised in Table 1.3.
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Table 1.3. Concentrations in ultrafiltration feed and permeate, for every compound present in the

samples.

Quinic acid
Malic acid
Vanillic acid
Hydroxytyrosol
Acyclodihydroelenolic acid hexoside
Hydroxy-decarboxymethyl elenolic acid
C7H1,0s (score: 86.96%)
Vanillin
Caffeic acid
Gallocatechin
Hydroxyelenolic acid
Tyrosol
Decarboxymethyl elenolic acid
Elenolic acid glucoside
C16H26010 (Score: 96.93%)

p-Coumaric acid

Aldehydic form of Decarboxymethyl Elenolic acid

Phenylethyl primeveroside
C11H1606 (score: 99.12%)
Dehydro-oleuropein aglycone
Hydroxyoleuropein
Luteolin rutinoside
Luteolin 7-O-glucoside
Oleuropein
Elenolic acid
Ferulic acid
Hydroxytyrosol acyclodihydroelenolate
Decarboxymethyl oleuropein aglycone
Pinoresinol
Ligstroside
Luteolin
Oleuropein aglycone

Diosmetin

11.32+£0.07
4.86 +0.06
0.107 +0.002
44.46 £0.03
189.2+0.2
651+1
3.194 £ 0.006
1.174 £ 0.006
112.26 £0.08
1.630 + 0.004
11.06 +0.03
2.11+0.02
185.3+0.9
1.862 +0.009
15.01 +0.03
2.764 £ 0.005
10.10 + 0.06
1.68 £0.01
20+04
0.231 +£0.003
0.91+0.03
2.30+0.06
0.44 £0.02
0.93+0.01
21.60 +£0.09
1.5+0.03
8.4+0.6
13.86 +0.02
0.422 +0.01
1.146 +0.007
10.55 +0.05
8.54 +£0.04
0.075 +0.002

11.30 £ 0.05
4.85+0.03
0.132 +£0.002
451104
63.9+0.5
635+2
2.17+£0.01
1.778 £0.001
115.3+0.1
0.304 +0.004
4.48 +0.01
0.723 +0.009
185.8+0.8
1.91+0.02
8.00 £ 0.05
3.31+0.01
4.81 +£0.02
1.21+0.01
2.163 £ 0.006
0.125 +0.002
0.207 +0.002
1.35+0.01
0.21 £0.07
0.95+0.01
21.67 £0.05
1.514 +0.001
8.98 £0.03
8.88 £0.04
0
1.855+0.003
10.57 +0.09
8.833 +£0.004
0
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Dihydroxy-hexadecanoic acid 0.9+0.3 0.435 +0.003
Ligstroside aglycone 0.242 +0.002 0.246 + 0.004
Trihydroxy-octadecenoic acid 0.95 +0.09 1.40£0.02
Gingerol 0.25 £ 0.02 0.170 + 0.003
Betulinic acid 0.1981 + 0.0005 0.246 +0.001
Hydroxy-octadecatrienoic acid 0.387 £ 0.002 0.440 +0.001
Dihydroxy-octadecanoic acid 1.380 + 0.009 1.016 + 0.005
Hydroxy-octadecadienoic acid 0.775 £ 0.003 0.440 £ 0.007
Maslinic acid 1.67 +0.08 1.86 +0.02
Hydroxy-octadecenoic acid 0.100 £ 0.002 0.088 +0.001
Hydroxy-octadecanoic acid 0.054 +0.002 0.0530 + 0.0004

4. CONCLUSIONS

The process described here permitted to isolate a numerous variety of biophenols,
which were obtained at high concentration (near 10 mg/g TPOMW). The detailed
characterization of the extracts by LC-ESI-gToF-MS revealed that more than 40
compounds were obtained, from eight different chemical classes, in only one step of
mixing and sonication. A large-scale, industrial application is possible. Moreover, the only
organic solvent employed was ethanol, which has been recognized as a low-toxicity,
environmentally friendly solvent. Afterward, the purification of the extract can be
achieved by means of ultrafiltration. The selected membrane and operational
parameters allowed the removal of almost the entire solids and sugars content, whereas

the bioactive compounds were recovered in the permeate at high purity.

The optimum extraction was procured with ethanol/water 50:50 (v/v), at 40°C and
with ultrasound application. The developed strategy allowed the recovery of a
considerable proportion of phenolic and triterpenic compounds from a major waste from
the olive industry, as it is TPOMW. This by-product has not been extensively utilized, but
its bioactive content can be greatly exploited if it is properly extracted from the semisolid
mixture of olive pulp, skin, and stones. Additionally, the withdrawal of these species from

the residue contributes to its detoxification and favors the future stages of composting.
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Supplementary Table 1.1. Analytical parameters of the developed liquid chromatography coupled
to mass spectrometry (LC-MS) multi-class methodology. Intra-day repeatability was calculated by
the relative standard deviation (%) of three independent injections (carried out in the same
sequence) of an extract obtained with the mixture of EtOH/water 50:50 (v/v), at 40°C.

a: Limit of detection; b: Limit of quantification

Intra-day
repeatability
(%)

LOD? (ppm)
LOQ’ (ppm)

LOD (ppm)
LOQ (ppm)

LOD (ppm)
LOQ (ppm)

Hydroxytyrosol C:zfizlc P -c:t:ri'r;anc Luteolin  Oleuropein
0.121 0.834 0.786 0.697 0.778
EtOH/water 50:50 (v/v)
0.021 0.002 0.001 0.021 0.015
0.068 0.008 0.004 0.075 0.051
Water
0.023 0.003 0.001 0.361 0.098
0.077 0.011 0.003 1.217 0.328
Pure ethanol
0.005 0.003 0.002 0.004 0.003
0.017 0.009 0.006 0.010 0.011

Supplementary Figure 1.1. Boxplots of the concentration of simple phenols (left) and phenolic
acids and aldehydes (right) with the applied temperatures for their extraction from two-phase olive

mill waste.
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Supplementary Figure 1.2. Complementary analyzed parameters for the TPOMW extract obtained
at the best conditions (ultrasound assisted extraction, 40°C, ethanol/water 50:50 (v/v)). In the
graph, left axis (green) corresponds to color and right axis (red) corresponds to conductivity values.
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Procesos de membrana en medio acuoso
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Esta seccidn contiene el tratamiento de los
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( ) y la combinacién de ambos procesos
( ) para recuperar los compuestos
fendlicos contenidos en esta matriz.
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Wet olive pomace is a major by-product generated by olive mills. To
contribute to the circular economy of the olive industry, the recovery of interesting
compounds from wet olive pomace was assessed. To that end, a previously optimized
solid-liquid extraction, only employing water as the extractant, was first applied to the
wet olive pomace. Afterwards, an ultrafiltration process to treat the obtained extract was
developed. Several membranes (UP005, UH030, UHO050, and UP150, from
Microdyn Nadir) were studied, in a wide range of cross-flow velocities (1.5 - 3.5 m/s) and
transmembrane pressures (0.75-5.5bar). By a thorough characterization of the
ultrafiltration streams by LC-ESI-QToF-MS, it was possible to describe the evolution of
the rejection of 29 phenolic compounds. Some adsorption processes were also observed
in the ultrafiltration process. The UP0O05 and UH030 membranes displayed satisfactory
values of permeate flux and rejection. Both membranes efficiently retained a high
fraction of the total solids, chemical oxygen demand, and color. On the contrary, the
phenolic compounds were obtained in the ultrafiltration permeate, which constitutes a
source of antioxidant molecules with applications in cosmetics, pharmacy, and

nutraceutics.

ultrafiltration, phenolic compounds, wet olive pomace, aqueous extract,

olive waste.

INTRODUCTION

The current worldwide situation regarding water shortage along with the vast, daily
generation of residues, underlines more than ever the necessity of implementing the
principles of circular economy in all industries. In particular, the ecological footprint of
the agri-food industry is highly relevant [1,2], considering the spread of intensive
agriculture in order to supply the growing population. One of the most important food
industries is related to the production of virgin olive oil. According to the estimations of
the International Olive Council, the world production of olive oil surpassed 3 million tons
during the crop year 2021/2022 [3].

In the Mediterranean area, the majority of the olive mills apply the two-phase
methodology, which is known for lower water consumption and higher extraction
efficiency than the alternative method, which is the three-phase method [4]. According
to the two-phase method, the olive fruits undergo several stages, including washing,
crushing, a first centrifugation in a horizontal decanter, and a second centrifugation in a
vertical decanter. In the horizontal centrifuge, the olive oil is separated from the rest of

the olive components, which constitute the wet olive pomace.



GREEN MANAGEMENT OF WET OLIVE POMACE BY MEANS OF ULTRAFILTRATION OF AN AQUEOUS EXTRACT OF PHENOLIC
COMPOUNDS. INTEGRAL CHARACTERIZATION OF THE STREAMS BY LC-ESI-QTOF-MS

Thus, wet olive pomace is a semi-solid past containing all the remnants of the olive
drupes after the olive oil extraction. This includes the olive pulp, skin, stone, seeds, and
vegetation water. As a result, the organic load of this by-product is very high.
Interestingly, many phenolic compounds from the olive fruit remain in the wet olive
pomace [5]. This residue has a dual character. On one side, the phytotoxicity of the
biophenols is a threat for the environment if the disposal of wet olive pomace is not
taken seriously [6]. On the other side, wet olive pomace can be considered a source of
antioxidant molecules with applications in cosmetics, pharmacy, and nutrition [6-8].

Therefore, the recovery of phenolic compounds from wet olive pomace permits its
valorization and contributes to the circular economy of the olive oil sector. This objective
can be addressed by membrane technology. Several research groups have demonstrated
the feasibility of membrane processes to purify or concentrate phenolic compounds from
olive residues [9—12]. However, the results available in the literature are mainly referred
to liquid streams, both from the two-phase and the three-phase methodology.
Therefore, the conclusions achieved by these valuable contributions cannot be directly
correlated with the treatment of wet olive pomace.

Wet olive pomace is the most challenging olive waste when it comes to the
treatment by membrane technology. The two-phase process is the most popular
methodology for producing olive oil and its implementation increases every year [13].
However, the research about the most abundant olive mill by-product is by far less
common than the studies dealing with the olive mill wastewater obtained in the three-
phase process, or with olive oil washing wastewater. To recover the phenolic compounds
from wet olive pomace, a solid-liquid extraction has to be performed in advance and, as
a result, a liquid extract with dark color and high organic load is obtained. This extraction
can be performed using an organic solvent (such as ethanol, and mixtures of ethanol and
water) as the extractant agent, obtaining satisfactory concentrations of phenolic
compounds. Also, the extraction of phenolic compounds can be addressed only with
water [4,14]. In this case, the recovery can be slightly lower, but important advantages
are derived instead. First of all, avoiding the organic solvent means a lower
environmental impact. Secondly, the cost of the process is reduced if only water is
needed. This premise is especially relevant if an industrial approach is considered, as
large volumes of the extractant will be needed. And thirdly, obtaining an aqueous extract
may imply a benefit for the subsequent treatment of the stream. In the case of a
membrane process, the presence of an organic solvent in the feed solution may

represent an additional challenge to consider, due to a possible modification of the
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membrane structure, affecting its permeation characteristics. Therefore, employing
water as the extractant agent during the solid-liquid extraction is an efficient strategy to
simplify the process and reduce its repercussion.

The result of the mentioned extraction is a highly foulant stream, containing the
polyphenols of interest and many other molecules that are inevitably extracted as well,
hindering the purification of the target molecules [14]. In this context, the selection of
the most appropriate membrane is not direct, because the severe fouling that may affect
the membrane will influence its productivity and the rejection values [15]. The
fabrication of new membranes less affected by fouling is essential, and the scientific
community is becoming more and more aware of the importance of this task [16—19].
However, the new membranes that are currently being developed at a laboratory scale
are still not available for the industry and cannot be considered yet for their
implementation in the circular economy of the olive mills. Thus, it is essential to study
the commercial membranes that are right now in the market and investigate their
viability to work with a problematic residue such as the wet olive pomace.

In this work, several commercial ultrafiltration membranes have been studied. The
productivity and efficiency of the membranes have been assessed, in order to select the
most appropriate strategy to purify the phenolic compounds present in aqueous extracts
of wet olive pomace. Furthermore, the cleaning of the membranes has been studied, to

explore their reusability.

MATERIAS AND METHODS
Extract of wet olive pomace

The samples of wet olive pomace were collected from the olive mill San Isidro de
Segorbe (Castelldn, Spain), which applies the two-phase methodology. Samples were
stored at 5°C before their processing. In order to extract the phenolic content from wet
olive pomace, an ultrasound-assisted solid-liquid extraction was accomplished for
45 minutes at 40°C. The sonication was performed at 37 kHz and 220 W. 600 g of wet
olive pomace were treated, applying a solid/solvent ratio of 1:10. Only osmotized water
was employed as a solvent. Later, the obtained extracts were centrifuged at 17200 RCF
for 6 min to remove the olive stone and seed remnants. This procedure was developed

in a previous work [14]
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Ultrafiltration

The ultrafiltration plant was equipped with a Rayflow membrane module
(Orelis Environnement, France), where a flat sheet membrane was placed. The
membrane area was 129 cm?. Four commercial membranes (Microdyn Nadir, Germany)
were tested, at three different cross-flow velocities (1.5, 2.5 and 3.5 m-s?) and a wide
range of transmembrane pressure (0.75 — 5.5 bar). Two of the tested membranes were
made of polyethersulfone (UP0O5, with a 5 kDa molecular weight cut off (MWCO), and
UP150, with a 150 kDa MWCO) and two of them were made of hydrophilic
polyethersulfone (UH030, with a 30 kDa MWCO, and UHO050, with a 50kDa MWCO).
Before the processing of the wet olive pomace extracts, the membranes were immersed
in osmotized water overnight, to hydrate them and remove the residual conservatives.
Afterwards, they were compacted (at the highest transmembrane pressure of the
applied operating conditions) and characterized through the determination of their
water permeability [15].

Six liters of wet olive pomace extract were treated with each membrane. Both the
retentate and the permeate streams were recirculated to the feed tank, to keep the
concentration in the feed solution constant. Samples of 50 mL were collected from the
feed and the permeate streams to be analyzed and determine the rejection of solutes.

This rejection (R) was calculated according to the following formula:
(1)

where C, refers to the concentration in the permeate and (; refers to the concentration

in the feed.

To clean the membranes, several cleaning protocols were employed, as reflected in

. A solution of P3 Ultrasil 115 (Ecolab, USA) at 1% (v/v) was applied for 1 hour

after a first rinsing (15 minutes) with tap water, at ambient temperature. Afterwards, a
water rinsing was again applied, at ambient temperature, to remove the detergent from
the ultrafiltration plant. Finally, the membrane was rinsed with osmotized water. In order
to reduce the water consumption during this study, the water employed for the second
membrane rinsing was kept and employed during the following cleaning cycle in the

plant, as the water for the first rinsing.
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Table 2.1. Cleaning protocol applied to each membrane employed in this work.

UPO0O05 (after working at 0.75, 1.5 and 2.5 bar)  P3 Ultrasil 115 at 1% (v/v) 25°C
UPO0O05 (after working at 3.5, 4.5 and 5.5 bar) P3 Ultrasil 115 at 1% (v/v) 35°C
UHO030 P3 Ultrasil 115 at 1% (v/v) 40°C

UHO050 P3 Ultrasil 115 at 1% (v/v) 35°C

P3 Ultrasil 115 at 1% (v/v) 40°C

UP150 P3 Ultrasil 110 at 1% (v/v) 40°C

NaClO at 200 mg-L1 (v/v) 40°C

During the application of Ultrasil, the temperature had to be raised in some cases, in
order to increase the cleaning efficiency. The membranes were considered to be clean
when a water permeability recovery higher than 90% was obtained. In the case of the
UP150 membrane, the water permeability was not recovered with the detergent
solution, at any of the tested temperatures. Other alternatives were tested, such as a
solution of P3 Ultrasil 110 (Ecolab, USA) at 1% (v/v) and a solution of sodium hypochlorite
at 200 mg-L-1. However, the UP150 membrane could not be reused.

2.3. Analytical methods
2.3.1. Analysis of the olive minor fraction

The analytes corresponding to the olive minor fraction were determined by liquid
chromatography coupled to mass spectrometry (LC-MS), employing an Agilent
1290 Infinity Il liquid chromatograph (Agilent Technologies, USA). The mass
spectrometer was equipped with electrospray ionization (ESI) and a 6546 quadrupole-
time-of-flight (QToF) mass analyzer (Agilent Technologies, USA). The injection volume
was 4 L. To separate the compounds, a Zorbax Extend C18 column (4.6 x 100 mm,
1.8 um) (Agilent Technologies, USA) was used, working at 40°C and a flow rate of
0.9 mL-mint. Ultrapure water and acetonitrile (Honeywell, USA) were the mobile phases,
both acidified with 0.5% of acetic acid (v/v). The LC gradient and MS conditions (with a

negative ionization) were adapted from a previous work [14].

2.3.2. Analysis of organic matter

Chemical oxygen demand (COD) of the samples was assessed through commercial
kits (Merck, Germany). The analysis of total solids was performed by evaporating a
determined volume of the samples and calculating the difference in the weight of the

container before and after the evaporation. Finally, to determine the color, the
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absorbance of the samples at different wavelengths was measured with a UV-VIS DR
6000 spectrophotometer (Hach Lange, Germany). The color coefficient was given by the
following formula (UNE-EN ISO 7887:2012 Method B):

. (A%36+4225+4%20)
Colour coef ficient = ——==—==—== 2

ff (A436+4525+4620) (2)
where 4,34 is the absorbance of the sample at 436 nm, A, is the absorbance at 525
nm and Ag,, is the absorbance at 620 nm.

RESULTS AND DISCUSSION
Composition of the extracts of wet olive pomace

After the ultrasound-assisted solid-liquid extraction, the obtained extracts were
characterized in terms of phenolic content (which are the compounds of interest) and
amount of organic matter, which should be reduced as much as possible during the
following ultrafiltration process. In order to avoid the degradation of the different
compounds in the extracts or their biological contamination, the extract (ultrafiltration
feed) was periodically renovated. In total, three extractions were performed. The
composition of each extract and the corresponding operating conditions of its processing
are detailed in . As shown in , the organic load of the extracts of wet
olive pomace is high. This supports the application of an ultrafiltration process for
retaining a high percentage of the organic matter, while phenolic compounds are aimed

to be recovered in the permeate stream.

Permeate flux

Once the membranes were compacted, their water permeability was calculated,
obtaining 13 + 2 L-htm?bar?, 168 + 12 L-htm?%bar?, 213 + 18 L-htm?%bar? and
228 +14 L-h*m2bar! for the UP005, UHO030, UH050, and UP150 membranes,
respectively. This data was consistent with the MCWO of the membranes, as the
permeability increased with higher values of MCWO. Also, the obtained permeabilities
were in line with the manufacturers’ specifications and previous works dealing with some

of these membranes [11,15].
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Table 2.2. Characterization of the organic matter present in the aqueous extracts of wet olive
pomace employed as feed for the ultrafiltration process. The operating conditions at which each
extract was treated are also detailed.

Phenolic content (mg/L

extract) 2233
coD? (mg/L) 9200 + 364
Total solids (mg/mL) 7.6+0.5 1L.5ms? UP0OS5, UHO30, UHO50,
Color coefficient 1.7+0.5 0.75 5.5 bar UP150
Conductivity (uS/cm) 1675 £ 17
pH 5.13+0.07
Phenolu; i:)rr;t;;lt (mg/L 633 + 22
coD* (me/L) 14985 +
2015 2.5mst
Total solids (mg/mL) 7+1 0.75 - 4.5 bar UP005, UH030
Color coefficient 2.42 +0.02
Conductivity (1S/cm) 1721 £ 62
pH 5.04 £0.02
Phenoluie )c(:)rr;t;?t (mg/L 637 + 24
11688 £
COD? (mg/L) 548 25 et
Total solids (mg/mL) 7.3£0.3 0.75-5.5 bar UP005, UH030
. . 2.484 +
Color coefficient 0.003
Conductivity (uS/cm) 1699 + 32
pH 5.02+£0.01
Parameter Mean Values
Phenolic content (mg/L extract) 598 + 65
COD (mg/L) 11957 + 2902
Total solids (mg/mL) 7.2+0.5
Color coefficient 22+04
Conductivity (uS/cm) 1698 + 23
pH 5.06 + 0.06

1Chemical oxygen demand

Afterwards, the aqueous extract of wet olive pomace was treated in the
ultrafiltration plant. The results regarding the permeate flux obtained at the different
operating conditions are shown in Figure 2.1.
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When comparing the tests performed at the same pressure, it can be observed that
the membranes with larger pore size (UH030, UHO50, and UP150) presented greater
permeate flux at the beginning of the process. However, these membranes displayed a
more drastic drop of the permeate flux with time. After a certain time period, the
permeate flux decreased slowly until a steady state was reached. The difference in flux
drop is especially notable if the flux of the UH030 and UP0O05 membranes is compared at
1.5 and 2.5 bar ( ). This trend in the evolution of permeate flux with time is
normally found in ultrafiltration processes [22] and can be attributed to cake layer
formation and pore blocking. As the UPOO5 membrane is tight, the initial permeate flux
is low and the convective transport of solutes towards the membrane surface is smaller
than for the rest of the membranes. Therefore, it was less affected by concentration
polarization and fouling. In consequence, permeate flux decline was less pronounced.
Another reason that prevented the fouling of the UP0O05 membrane is the polarity of the
active layer. It has been demonstrated that membranes with lower hydrophilicity are less
fouled when feeds containing polyphenols are treated [15,23]. Then, the UP005
membrane combined a small pore size and a less hydrophilic active layer, reducing the
fouling of this membrane. suggests that fouling was more severe for the
membranes with larger MWCO and it was more relevant at higher pressures, because a
faster drop of the flux was displayed. This was prompted by the higher concentration of
solutes at the membrane surface occurring at higher pressures. Considering the pore size
of the UH050 and UP150 membranes and the permeate flux that was observed at the
steady state, a severe fouling can be inferred for these membranes. Corbatén-
Baguena et al. and Qu et al. found that membranes with large pore diameter and close
to that of the solutes present in the feed solution, suffered a more severe fouling and
poor recyclability due to pore constriction, as a result of the solutes penetrating the
membrane pores and blocking them [24,25]. Therefore, no further transmembrane
pressures were tested for the UHO50 and UP150 membranes, as the fouling was
expected to increase at higher pressures. In the particular case of the UHO50 membrane,
the rejection values that were obtained for this membrane also discouraged its

utilization, as will be commented in section 3.3.

When the flux at the steady state was plotted against the transmembrane pressure
( ), the low fouling of the UP005 membrane was confirmed. When the
transmembrane pressure was increased, the permeate flux exhibited by this membrane
increased linearly too, even at 3.5, 4.5, and 5.5 bar, which can be considered high
pressures for an ultrafiltration process. However, the opposite was found for the UH030

membrane. When the pressure was increased from 0.75 to 1.5 bar, the flux at the steady
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state remained constant, suggesting the formation of a gel layer on the surface of the
UHO030 membrane. For this membrane, the limiting pressure was 0.75 bar [26,27] and,
beyond that value, the applied TMP did not influence the permeate flux.

UP005 UHO030
60
45 -
45 A -
b £ - -
'_7; 30 A
T 15 A
0« T T T
6 0 0.75 15 2.25 3
TMP (bar) TMP (bar)
—8—1.5m/s 2.5m/s 3.5m/s

Figure 2.2. Permeate flux at the steady state for the UPO05 and UH030 membranes, at the different
operating conditions.

The effect of the cross-flow velocity was also evaluated. However, the influence of
this parameter on the permeate flux was much less important than the transmembrane
pressure. Regarding the UPO05 membrane, the modification of the cross-flow velocity
did not derived in an increase of the permeate flux. This can be attributed to the low
fouling that was suffered by this membrane. In that situation, the softer turbulence
achieved by the lowest cross-flow velocity (1.5 m-s*) was already sufficient and the
increment of the tangential velocity did not lead to any benefit in the productivity of the
process. In fact, at 2.5 m-s?, pressures higher than 2.5 bar were not tested, because the
obtained permeate flux was very similar to the permeate flux obtained at 1.5 m-s™* and
the increase in energy investment was not considered to be necessary. In the case of the
UH030 membrane, the fouling was more relevant. As expected, the greatest permeate
flux was achieved at the highest cross-flow velocity (3.5 m-s). At this high velocity, the
diffusive transport from the cake layer back to the bulk solution is enhanced, leading to
a higher permeate flux [28]. However, at 2.5 m's?, the permeate flux displayed by the
UHO030 membrane was lower than that observed at 1.5 m-s™?, despite of the increase in
the turbulence in the module. The reason for this lower permeate flux is the higher value
of COD in the extract of wet olive pomace that was treated at 2.5 m-s™* (see Table 2.2).
In consequence, a greater fouling was expected for the experiments carried out at this
velocity and, therefore, a lower flux was obtained. In any case, an increment in the cross-

flow velocity did have a beneficial effect on the permeate flux for the UH030 membrane.
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Rejection values
Rejection of the organic matter

and show the rejection of the organic matter (except phenolic
compounds) achieved with each tested membrane. As can be observed, the rejection
values regarding the UP005 membrane increased with the pressure, at all cross-flow
velocities, which is in line with a higher water flux. At the highest pressures, interesting
rejection values (greater than 50%) were obtained with the UPO05 membrane, because
a high withdrawal of the organic matter was pursued, in order to recover the polyphenols
at higher purity in the permeate. In the case of the UH030 membrane, the gel layer
formation ( ) determined that the permeate flux did not increase with
transmembrane pressure. In consequence, the rejection was only slightly increased by
increasing the pressure. In the case of the UH050 ( ), the higher MWCO of the
membrane determined lower rejection values for color, total solids, and COD. This was
not interesting, considering the aim of the work. As the purification of polyphenols was
not favored by this membrane and the obtained permeate flux ( ) was not
higher than the permeate flux obtained with other membranes more effective in terms
of rejections, the UHO50 membrane was not tested at any further conditions of

transmembrane pressure or cross-flow velocity.
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