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OBJETIVOS

La industria agroalimentaria genera billones de toneladas de subproductos y
residuos anualmente. Existe un interés creciente en la valorizacion de esta biomasa
mediante la recuperacién de compuestos bioactivos para el desarrollo de alimentos
“funcionalesy nutraceuticos. Solamente la industria del café genera alrededor de 2 billones
de toneladas de residuos agricolas anualmente, tales como cascarilla, pulpa, aguas
residuales y borras, lo cual representa una amenaza para el medio ambiente. En este
ambito y con el fin de afrontar uno de los grandes retos de la quimica verde, existe una
creciente demanda de desarrollo y aplicacion de disolventes alternativos a los disolventes
organicos convencionales. Se persigue asi la finalidad de incrementar el rendimiento en los

procesos de extraccion y de reducir los costes, toxicidad y el impacto ambiental asociados.

Las investigaciones desarrolladas en esta Tesis Doctoral han tenido como objetivo
general la sintesis y aplicacion de disolventes supramoleculares (SUPRAS) para la

recuperacion de sustancias bioactivas a partir de biomasa procedente de residuos del café.

Los objetivos especificos de esta Tesis fueron:

¢ Identificar mediante un estudio bibliografico los principales tipos de residuos
valorizables del café, las técnicas de extraccion verdes existentes y sus principales
ventajas y desventajas con el fin de proponer metodologias de valorizacién
alternativas basadas en SUPRAS y adecuadas a las necesidades de mercado
identificadas en este estudio (biocompatibilidad, eficiencia, bajo coste, etc.).

o Desarrollo de SUPRAS biocompatibles basados en componentes autorizados en
alimentos con el fin de facilitar su posterior implementacién industrial (alimentos,
cosméticos o nutraceuticos) para la valorizacion de residuos sélidos y liquidos del

café.

e Comparacion y optimizacion de los componentes del SUPRAS y de los parametros
de extraccion en funcién del tipo de matriz (solida: borras y cascara) y liquida (aguas
residuales de café) para maximizar la extraccion de los biocomponentes

mayoritarios en los residuos de café (polifenoles y alcaloides).

19



e Caracterizacidon de los extractos de SUPRAS enriquecidos con compuestos
bioactivos: identificacion de los componentes bioactivos secundarios por
cromatografia de liquidos y espectroscopia de masas en tandem, medida de la
capacidad oxidante y antimicrobiana y/o estudio de la estabilidad de los compuestos
bioactivos en el extracto de SUPRAS.

¢ Estudio de la mejora de las propiedades fisico-quimicas de las aguas residuales del
café tratadas con SUPRAS.

Ademas, han constituido un objetivo transversal y fundamental en la realizacién de esta
Tesis Doctoral la formacion de la doctoranda a través de actividades complementarias a la
labor investigadora, tales como la asistencia y presentacion de comunicaciones en

congresos, la discusion critica de los resultados, redaccion de articulos cientificos, etc.
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CONTENIDO

El contenido de la Memoria de esta Tesis Doctoral se ha estructurado en cuatro Capitulos,
precedidos de una Introduccion en la que se desarrollan aspectos tedricos y practicos de
interés para la sintesis y aplicacion de los SUPRAS en procesos de extraccion.
Adicionalmente, se presentan los aspectos mas relevantes del proceso de produccion y
transformacion del café, los residuos generados y las metodologias actuales para su

aprovechamiento.

Los contenidos de los cuatro capitulos en los que se ha divido esta Memoria son los

siguientes:

Capitulo 1. Disolventes verdes para la extraccion de compuestos con alto valor
afadido a partir de residuos agroalimentarios

En la industria agroalimentaria se producen grandes cantidades de subproductos,
fracciones no comestibles y residuos de la produccion de alimentos, desde la etapa de
recepcion de las materias primas hasta el consumo final. La valorizacion de esta biomasa
para obtener compuestos de alto valor afiadido ha sido objeto de mudltiples
investigaciones en la Gltima década. El uso de metodologias sostenibles en este &mbito
es esencial para reducir los impactos de las mismas en la salud y el medio ambiente. En
el capitulo 1 de esta Memoria se incluye un estudio de revision critica en el que se
presentan los principales tipos de disolventes verdes empleados hasta la fecha para
valorizacién de residuos y subproductos agroalimentarios y se discute su potencial para
reemplazar a los disolventes organicos convencionales, con el fin de disponer de
procesos mas sostenibles y menos contaminantes. Se revisa asi el uso de fluidos
supercriticos, disolventes neotéricos (liquidos iénicos y disolventes eutécticos), bio-
disolventes y disolventes supramoleculares. Se analizan los parametros que afectan la
eficiencia de extraccién, asi como las ventajas y limitaciones que presenta cada tipo de

disolvente para su uso a escala industrial.

Capitulo 2. Valorizacion de borras de café mediante la extraccion de compuestos
bioactivos con disolventes supramoleculares
En este capitulo se presenta el estudio llevado a cabo para la evaluacion del potencial

de los disolventes supramoleculares (SUPRAS) para la extraccion de los compuestos
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bioactivos presentes en borras, principal residuo de la preparacion de la bebida de café.
Para ello se investigd el uso de SUPRAS constituidos por agregados hexagonales
inversos sintetizados a partir de acido decanoico o 1-hexanol en fases hidro-organicas
(etanol-agua y tetrahidrofurano-agua). El proceso de extraccion con los cuatro SUPRAS
investigados se optimizé a partir del rendimiento obtenido en la extraccion de cafeina y
acido clorogénico (5-CGA). Los rendimientos de extraccion para cafeina (3.32 mg g™)
y 5-CGA (4.3 mg g™") fueron maximos para SUPRAS sintetizados a partir de 1-hexanol
en mezclas de etanol-agua. Para estos extractos, se determiné el perfil de compuestos
bioactivos, mediante cromatografia liquida acoplada a espectrometria de masas en
tandem. Adicionalmente se evalud el contenido total en compuestos fendlicos y las
propiedades antioxidantes y antimicrobianas de los extractos. Estos presentaron elevada
capacidad antioxidante, determinada mediante los métodos ABTS, DPPH y FRAP, que
fue concordante con su alto contenido en polifenoles totales (60.1 mg 5-CGA / mg). Los
extractos presentaron también efecto antimicrobiano frente a S. aureus, B. cereus, S.
enterica y P. putida. La extraccion de compuestos bioactivos con SUPRAS present6
ventajas en términos de rapidez (1 minuto de extraccion) y simplicidad del proceso (s6lo
se requiere agitaciéon y centrifugacién a temperatura ambiente). Se evitan asi los
elevados costos asociados al uso de alta temperatura o presion que son generalmente
requeridas en la valorizacion de residuos de café utilizando extraccién con disolventes

organicos convencionales o fluidos supercriticos.

Capitulo 3. Extraccion de compuestos bioactivos de pulpa de café empleando
disolventes supramoleculares

Se investigod el potencial de los SUPRAS para la extraccién de compuestos bioactivos
presentes en la pulpa de café, que es uno de los mayores subproductos generado en la
transformacién primaria del café por las vias semi-seca y humeda. Se emplearon
SUPRAS de agregados hexagonales inversos de &cido octanoico y decanoico
sintetizados en mezclas de etanol-agua, producidos espontaneamente a través de auto-
ensamblaje y coacervacion. Los SUPRAS generados se aplicaron a la extraccion de
cafeina y acido protocatéquico hallandose que el rendimiento de extraccion fue mayor
para los SUPRAS formados por &cido octanoico (3.6+0.3 mg g* para cafeina y 0.9+0.1
mg g para acido protocatéquico). El proceso implicé la extraccién de la muestra con un
volumen reducido de disolvente (relacion muestra:disolvente 1:4) siguiendo un

procedimiento simple (5 min de agitacion y 10 min de centrifugacion a temperatura
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ambiente). Finalmente, se determind el perfil de alcaloides y compuestos fendlicos en
los extractos de SUPRAS (cromatografia liquida acoplada a espectrometria de masas
en tdndem) asi como las propiedades antioxidantes (45% por DPPH y 91% por ABTS).
Se constatd también que la eficiencia de extraccion empleando SUPRAS fue
significativamente superior respecto a la obtenida empleando disolventes orgénicos

convencionales, como son metanol, etanol, acetona y acetonitrilo.

Capitulo 4. Disolventes supramoleculares para la extraccion y pre-tratamiento de
aguas residuales de la transformacién primaria del café

En este udltimo Capitulo se presentan los resultados obtenidos en el estudio de la
aplicacion de los disolventes supramoleculares (SUPRAS) a la recuperacion de
compuestos bioactivos de aguas residuales del café, un residuo abundante en los
métodos de procesamiento por via hUmeda y semi-himeda. Para esta aplicacién, se
investigd el uso de SUPRAS constituidos por agregados hexagonales inversos de 1-
hexanol o 4cido decanoico, sintetizados in situ en el agua residual mediante la adicion
del compuesto anfifilico y etanol. El proceso de extraccién, evaluado con o sin agitacion,
generd una recuperacion de cafeina entre 53 y 64 mg por litro de agua residual. Los
extractos de SUPRAS presentaron buena capacidad antioxidante (52% por el método
ABTS) y el contenido en cafeina de los mismos fue estable durante su almacenamiento
(4 — 24 °C durante 2 meses). Adicionalmente, el proceso de extracciéon con SUPRAS
mejoré algunos parametros de calidad del agua, como la demanda bioquimica de
oxigeno, conductividad y sélidos suspendidos totales, por lo que la valorizacién del agua

residual produce simultdneamente un pretratamiento de la misma.

A continuacion se presentan las conclusiones que pueden extraerse de los resultados

obtenidos y finalmente, se incluyen los siguientes anexos: (A) articulos publicados en

revistas internacionales derivados de esta Tesis con indices de calidad (B) contribuciones

a congresos nacionales e internacionales derivados de esta Tesis y (C) otros articulos

cientificos, capitulos de libro y contribuciones a congresos derivados de investigaciones

complementarias al desarrollo de la Tesis y relacionados con el aprovechamiento de los

residuos del café.
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INTRODUCCION

1.1 Laindustria del café

El café es uno de los productos mas consumidos, solamente precedido del agua (1). Se
consume una media de 2.25 billones de tazas de café diariamente en el mundo (2), por lo
gque se considera una de las materias primas mas comercializadas (3). Los principales
consumidores son las economias industrializadas, principalmente Europa y Estados Unidos
(4). El café se cultiva en alrededor de 80 paises, de los que el 90% son paises en via de
desarrollo, por lo que su produccion tiene una importancia social relevante (2). Destacan
como zonas productoras las areas tropicales de Africa, Java, Sumatra, India, Islas del

Pacifico, México, Centro y Sur América (1).

Los granos de café verde son producidos por la planta denominada cafeto, perteneciente
al sub-reino Angiospermae, familia botanica Rubiaceae, la cual esta formada por cerca de
6,000 especies (4). La Figura 1 recopila las especies de mayor importancia econémica a
nivel mundial. Las variedades Arabica (Coffea arabica) y Robusta (Coffea canephora) son las
predominantes en los mercados internacionales (5). La variedad Arabica constituye mas del
70% del café comercializado en el mundo (6), debido a las excelentes caracteristicas
organolépticas de la bebida que se asocian a la composicién quimica del grano. (7) Esta
variedad se cultiva principalmente en Colombia, Brasil, India, Kenia y Etiopia (8). El resto
de la produccion de café corresponde principalmente a la variedad Robusta que es

producida principalmente en Africa, Brasil e Indonesia (9).

Algunas de las diferencias mas representativas entre estas dos variedades se presentan
en la Tabla 1.
Tabla 1. Principales diferencias entre las variedades de café arabica y robusta

Caracteristica Ardbica Robusta
Altura en la produccion agricola 0— 700 msnm 1000 — 2000 msnm
Temperatura 6ptima 15-24°C 24 —30°C
Porcentaje de la produccion a nivel 70% 30%
mundial

Resistencia a plagas Baja Alta
Requerimientos agrondmicos para la Altos Bajos
produccién

Contenido de cafeina 0.8-1.4% 1.7 -4.0%
Calidad de lataza Alta Baja
Precio de comercializacion Mayor Menor
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INTRODUCCION
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INTRODUCCION

Las especies de café Ardbica presentan diferentes variedades, tales como Maragogipe,
Bourbon, Tabi, Tipica, Castillo, Caturra y Colombia. Las variedades Castillo, Caturra y

Colombia son las que se cultivan en mayor proporcion en Colombia.

Como se indicé anteriormente, el cultivo tiene importancia econdémica y social,
principalmente en los paises en via de desarrollo. En el caso de Colombia, de acuerdo a lo
reportado por el comité de cafeteros, entidad que asocia los productores a nivel nacional,
hay 560,000 fincas dedicadas a la produccion de café, con una ocupacién de 948,000
hectéreas. El cultivo de café genera 785,000 empleos directos y 1.5 millones de empleos
indirectos (www.federaciondecafeteros.org). Debido al impacto social y econémico del café

y a las caracteristicas de la produccioén en el territorio colombiano, en el afio 2011 el Comité
de Patrimonio Mundial de Organizacion de las Naciones Unidas para la Educacion, la
Ciencia y la Cultura — Unesco, inscribi6 el Paisaje Cultural Cafetero Colombiano en la lista
de Patrimonio Mundial. Para asegurar su conservacion, el Consejo Nacional de Politica
Econdémica y Social (CONPES) de Colombia establecio la “Politica para la preservacion del
Paisaje Cultural Cafetero de Colombia”. Entre las estrategias propuestas destaca el
fomento de la caficultura y la promocién e impulso del cultivo de cafés especiales en la
region “con el objetivo de dinamizar la actividad cafetera y la generacién de valor agregado

y aumentar de esta manera la rentabilidad y sostenibilidad en el negocio del café” (10).

Los cafés especiales provienen de granos de excepcional calidad, cosechados de los
mejores cultivos de Coffea arabica que se procesan para potenciar su sabor. Los atributos
sensoriales de la bebida son evaluados por jueces certificados o catadores, de acuerdo a
un protocolo definido por la Sociedad Americana de Cafés Especiales (SCA) (11). Las
caracteristicas sensoriales de este tipo de bebida se asocian a la percepcién sensorial de
una compleja variedad de compuestos quimicos. Se han identificado mas de 1,000
compuestos aromaticos en el café (12), mas de los identificados en el vino, en el cual se
han analizado 600 volatiles. Las caracteristicas del terreno, el tipo de cultivo y la especie
de café generan las caracteristicas sensoriales primarias, mientras que el procesamiento
post-cosecha genera el perfil sensorial final. Ambos factores confieren caracteristicas
distintivas a estos cafés en términos de cuerpo, aromay sabor. La industria del café especial
se ha introducido en el mercado de las bebidas finas, por lo cual los consumidores pagan
precios elevados para apreciar el café por su origen y caracteristicas individuales (11),

generando de esta manera valor agregado a la agrocadena del café. Este tipo de café
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representa un mercado creciente a nivel mundial. En Estados Unidos el 59% del café

consumido corresponde a esta categoria (13).

En esta Tesis se han propuesto técnicas de valorizacion de residuos del procesamiento de
café especial cultivado en Colombia (variedad Castillo). Se pretende asi, proponer
estrategias simples y poco costosas que afiladan un valor agregado a la agrocadena del
café y que ayuden a promover el mercado y aprovechamiento del café especial. Se cumple
asi con el marco de la “Politica para la preservacion del Paisaje Cultural Cafetero de

Colombia”, antes mencionado.

1.1.1 Produccion de café verde

La primera etapa del proceso para la obtencion del café es la cosecha, que se considera
un paso importante para garantizar la calidad en la taza, debido a que esta se asocia con
el estado de madurez del fruto. Los frutos maduros generan tazas de alta calidad, mientras
los frutos verdes y/o sobremaduros disminuyen los atributos sensoriales en la bebida (1).

El proceso de maduracion de los frutos no es homogéneo, es decir que en una misma planta
se pueden encontrar frutos en diferentes estados de madurez. Esto es relevante para el
proceso de cosecha, que puede realizarse de manera manual o0 mecanica. La cosecha
manual se realiza recolectando de manera individual cada fruto, mientras la cosecha
mecanica se realiza agitando la planta con un equipo gue se acopla a las ramas o al tallo.
El primer método es mas costoso y requiere mas tiempo, sin embargo se generan productos
de mayor calidad, dado que se puede seleccionar la calidad y estado de madurez, mientras

en el sistema mecanizado no se puede realizar el proceso de seleccion (1).

Los frutos del café estdn compuestos por la cascara (o pericarpio), pulpa (0 mesocarpio),
mucilago (o capa de pectina), pergamino (o endocarpio), cascarilla plateada y en el centro
del fruto se encuentra el grano de café, que es el endospermo del fruto (14). La Figura 2

presenta la composicion del grano de café.
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/

El grano es la parte del fruto que se emplea para la posterior preparacién de la bebida. La

Figura 2. Composicién del grano de café

transformacion primaria se realiza para separar los granos del resto del fruto, eliminando
las capas externas. Los métodos mas comunes para este propdésito se denominan método

hamedo y seco. La

Figura 3 presenta el diagrama de flujo de la transformacion primaria del café.

En el procesado por via seca, los frutos de café son secados al sol. Ocasionalmente se
puede realizar una segunda etapa de secado (artificial), seguido de una etapa de
descascarado, en la cual se elimina la pulpa, el mucilago, el pergamino y parte de la
cascarilla plateada. El total de estos residuos se denomina en inglés husk (14). En el
procesamiento himedo se hace una primera etapa de separacion por calidad y estado de
madurez, empleando agua en la cual por diferencia de densidad los frutos maduros se van
al fondo del tanque, mientras los verdes y con defectos quedan en la superficie (5).
Posteriormente, la cascara y la pulpa se eliminan empleando una maquina despulpadora (a
esta fraccion se le denomina pulpa). El despulpado es seguido de una etapa de
fermentacion, en la cual el mucilago y los restos de pulpa son eliminados. Por dltimo los

granos se secan y finalmente se realiza el proceso de trilla en el cual se elimina el
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pergamino (5,14). En este proceso se genera un gran volumen de agua residual,

proveniente de los procesos de lavado y fermentacion.

Cosecha
I
. I ’ I
Flujo de proceso via Flujo de proceso via
segg : humeda

Lavado y clasificacion Lavado y clasificacion

(por densidad o visual) (separacion por densidad)
I

[ 1 [ : ]
Frutos de Frutos con Frutos con Frutos
café enteros defectos defectos enteros

Secado natural D Inad
(solar) i espulpado
[m—————— "
| I'Via semi-seca |
Secado artificial i (Honey) ! Fermentacion
(opcional) ittt ekt en tanque
[ i |
Descascarado :

; Lavado

(R Secado natural
(solar)

Secado artificial
(opcional)

Trilla

Figura 3. Diagrama de proceso de la transformacion primaria de café

Recientemente se ha implementado un tercer proceso denominado semi-seco, también
conocido como “honey”, en cual los frutos se despulpan, pero se elimina la etapa de

fermentacion (5).

La etapa final del proceso de transformacion (independiente del método de procesamiento)
es el proceso de tostado, en el cual se eliminan los restos de la cascarilla plateada y se

desarrollan los atributos de sabor, aroma y color caracteristicos del café (15).
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1.1.2 Residuos generados en la produccion de café

La industria del café genera alrededor de 2 billones de toneladas de residuos, los cuales
representan un alto riesgo de contaminacion (16). Por cada 100 Kg de grano de café verde
se producen 39 Kg de pulpa, 39 Kg de pergamino y cascarilla plateada y 22 Kg de mucilago.
(17). Dependiendo del sistema de procesado del café también se generan altos volimenes
de aguas residuales, que se han estimado en 40-45 L/ kg de café en la via hiumeda (18).
Aproximadamente el 40% del café mundial es producido por via humeda.

Finalmente, el residuo asociado a la produccion de café instantaneo y preparacion de
bebidas de café, denominado borras ("spent coffee grounds™ en inglés) genera una cantidad
relevante de residuos. En el caso de la industria de cafés solubles se producen 4.5
toneladas de borras por afio (4) y la produccion total de borras ha sido reportada en 6

millones de toneladas por afio (19).

En la Tabla 2 se presentan los principales residuos de café en las distintas etapas de

transformacion y consumo final.

Tabla 2. Residuos generados en la industria del café (post-cosecha)

Transformacion Transformacion Consumo
primaria secundaria final
Procesamiento Procesamiento Procesamiento Tostado Preparacion
seco humedo semi-seco de la bebida
"Husks™ Pulpa Pulpa Cascarilla Borras
_ plateada
Pergamino Agua Agua
Pergamino Pergamino

En los residuos sélidos del café se encuentran diferentes compuestos quimicos de interés
dentro de los cuales encontramos los alcaloides y los compuestos fendélicos (14,20-23).

Las Tabla 3 y Tabla 4 muestran la composicién quimica de los residuos sélidos del café.
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Tabla 3. Composicién quimica de la pulpa de café

Armas, 2008 Murthy and Janissen and Preedy
(24) Naidu (2012) Huynh (2018) (2015)
(15) (22) 1)
Humedad N.D. N.D. 81.4 N.D.
Proteina 13.30 11.5+2.0 10-12 4-12
Lipidos 1.73 20+2.6 25 1-2
Fibra N.D. 60.5+2.9 18-21 N.D.
Carbohidratos N.D. N.D. 44-50 45 - 89
AzUcares totales 4.10 N.D. N.D. N.D.
Azlcares 12.40 N.D. N.D. N.D.
reductores
Azlcares no 2.00 N.D. N.D. N.D.
reductores
Ceniza 9.70 N.D. 8.9 6-10
Lignina 19.30 175+22 N.D. N.D.
Celulosa 18.30 63+25 63 N.D.
Hemicelulosa N.D. 2.3+1.0 2.3 N.D.
Polifenoles 2.90 15+15 N.D. N.D.
Taninos 1.8-8.56 3.0£5.0 1.8-8.6 1-9
Cafeina 1.30 1.5+1.0 1.2-1.3 1
Acido clorogénico 2.60 24+1.0 10.7 N.D.
Acido cafeico 1.60 N.D. N.D. N.D.

Valores expresados en porcentaje, base seca; N.D.: no determinado

Tabla 4. Composicion quimica de las borras de café

Jiménez-Zamora Ballesteros Janissen and
(2015) (2014) Huynh (2018)
(3) (25) (22)
Humedad N.D. N.D. 11.69
Proteina 13.6+1.3 17.4+0.1 13.6
Lipidos 1.6+0.3 23103 6
Fibra 54.6 +6.3 60.4+2.1 60.5
Carbohidratos 71.4+ 6.3 N.D. 82
Azlcares totales N.D. N.D. N.D.
AzUcares reductores N.D. N.D. N.D.
AzUcares no N.D. N.D. N.D.
reductores
Ceniza 1.5+0.2 1.3+£0.1 1.6
Lignina N.D. 23.9+1.7 N.D.
Celulosa N.D. 12.4+0.8 8.6
Hemicelulosa N.D. 39.1+19 36.7
Polifenoles 19.2+2.3 N.D. N.D.
Taninos N.D. N.D. 0.02
Cafeina N.D. N.D. 0.4
Acido clorogénico 1.18 + 0.07 N.D. 11.45
Acido cafeico N.D. N.D. N.D.

Valores expresados en porcentaje, base seca; N.D.: no determinado
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En general, la disposicion inadecuada de los residuos de café genera impactos ambientales
negativos, asociados a su composicién quimica y su alta acidez (15). Respecto a las aguas
residuales generadas en la via de procesamiento humedo, tienen un alto contenido en
sélidos que generan colores oscuros, adicionalmente contienen cafeina, azlcares,
proteinas y compuestos fendlicos (2,24-26), por lo cual son susceptibles a la fermentacion
y a la generacion de olores desagradables (24).

Cuando los residuos de café se vierten a corrientes hidricas se agota el oxigeno del agua,
lo cual genera la asfixia de los organismos acuaticos. Por otro lado, la descarga de
nutrientes puede generar eutrofizacion (27). Ademas, el vertido de estos residuos sobre los
suelos (o el uso de las aguas residuales para riego) puede afectar negativamente al
crecimiento de las especies vegetales. Estudios previos han demostrado la fitotoxicidad y
citotoxicidad de las aguas residuales de la industria del café y la inhibicién total de la

germinacion en lechugas (28).

Con el fin de evitar impactos ambientales negativos y de generar un valor afiadido en la
agrocadena del café se han propuesto diversas estrategias de valorizacién de los residuos
del café. La pulpa, la cascara y las borras de café han sido objeto de valorizacién con
distintos fines tales como su uso como sustrato de cultivo para cultivo de hongos (29),
sistemas para inmovilizacion de enzimas (30), produccion de etanol (31) o compostaje (32).
Otra importante via de valorizacion es la recuperacién de compuestos bioactivos tales como
alcaloides y polifenoles para su uso en la industria alimentaria, farmacéutica y cosmética
(33-36). La cafeina, como principal alcaloide en estas matrices, tiene efecto anti-
inflamatorio e inmunosupresor (36). Por su parte los compuestos fendlicos tienen efecto

antioxidante, antibacteriano, antiinflamatorio y actividad anticancerigena (33-35).

La Tabla 5 presenta una recopilacion bibliografica de los distintos usos que se han dado a

los residuos del café para su valorizacion.
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Tabla 5. Alternativas de aprovechamiento de residuos del café

Subproducto Proceso Uso final Ref.
Pulpa fresca Troceado Alimentacion animal g;538)

Pulpa frescay
seca

Extraccion con agua caliente

Extraccion de
compuestos (40)
antioxidantes y
antimicrobianos

Pulpa fresca Fermentacién Produccion de etanol (41,42)
Pulpa frescay Extraccion con etanol asistida Extraccion de
compuestos con (43)

seca

por ultrasonidos

actividad antioxidante

Pulpa fresca

Pre-tratamiento con
Mycotypha sp. y
biometanizacion

Pre-tratamiento con
Streptomyces sp. y
biometanizacion

Produccién de Biogas

Pulpa frescay
seca

Co-digestion y
biometanizacién

(44)

(45)

(46-50)

Pulpa fresca

Compostaje con
Trichoderma sp.,
Streptomyces sp. Azotobacter
sp. y Bacillus sp.

Produccion de compost (51)

Pulpa fresca

Fermentacion

Extraccion de
compuestos bioactivos

(acidos clorogénicos) (52)
Pulpla frescay Fermentacién Produccion de etanol (53)
mucilago
Pulpa de café Hidrdlisis y esterilizacion; Extraccion de
(husk) y pulpa fermentacion con Rhodotorula | compuestos bioactivos (54)
seca mucilaginosa (carotenoides)
Pulpa de café Extraccién con fluidos Extraccion de_ ,
seca supercriticos (CO,) compyestos bioactivos (55)
(cafeina)
. Combustion en hornoy en Produccion de energia a
Pulpa de cafe sistema de lecho fluidizado través de pirdlisis (56)
. Compostaje con Eudrilus L
Pulpa de café eugeniae y Trichoderma viride Produccién de compost (57)

Extraccion con agua sub-
critica

Extraccion de
compuestos fendlicos y (58)

Cascarilla antioxidantes
plateada Produccion de
Hidrolisis enzimatica prebidticos y fibra (59)
alimentaria
Uso medicinal para
Pergamino Extracciéon con agua inhibicién de (60)

hialuronidasa (supresion
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de procesos
inflamatorios o alergias)
Extraccion de
compuestos bioactivos
(acido galico,
Extraccion con etanol c!or,ogemco, cumarico y (61)
sinpico
y otros antioxidantes).
Produccién de aditivo
antifungico.
Pergamino Hidrdlisis y fermentacion Produccién de etanol (62)
Pergamino Hidrolisis y biometanizacién Produccién de biogas (63)
Pirolisis a través de Produccion de sintegas
Pergamino calentamiento convectivo y (64)
. (H2 + CO)
con microondas
Hojas, cascara,
cascarilla Produccion de hongos
plateada, Fermentacién . (65)
: Pleurotus florida
pergamino y
borras

En esta Tesis se proponen alternativas sostenibles para la extraccibn de compuestos
bioactivos para el aprovechamiento de residuos de la produccion de café especial obtenido
a partir de café Arabica, variedad Castillo, cultivada en el Municipio de Circasia, Colombia
(4°37'09"N 75°38'05"). Este municipio esta incluido en la declaracion de Paisaje Cultural
Cafetero Colombiano. Los granos de café se cultivaron de manera manual y se procesaron
inmediatamente por via himeda y secado al sol. Como residuos del procesamiento primario
se investigaron las cascaras (0 pulpa) obtenida en la etapa de despulpado y las aguas
residuales del proceso de lavado. Adicionalmente, se utilizaron las borras generadas
después de la preparacion de la bebida, empleando el método de preparacién denominado
filtrado por goteo en un sistema v60. Se utiliz6 café de tostado medio y molienda media
(65% del café pasa a través del tamiz # 20) y agua a 96 °C. La bebida se prepar6 en una
relacion 1:18 café:agua.
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1.2 Técnicas empleadas para la extraccion de compuestos bioactivos
de café

La extraccion de compuestos bioactivos es una de las estrategias de valorizacion mas
empleadas en el aprovechamiento de residuos de la industria cafetera. La eficiencia de
extraccion depende fundamentalmente del tipo de materia prima (o subproducto), el tipo de
disolvente, las condiciones de extraccion como temperatura, presion y tiempo y el uso de
energias auxiliares tales como ultrasonidos, microondas, presion, etc. La Tabla 6 presenta
una recopilacion de los procesos de extraccion empleados para la valorizacién de borra,

pulpa, cascarilla plateada y pergamino de café.
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Tabla 6. Técnicas para la extraccién de compuestos bioactivos de residuos de café

Compuesto(s) bioactivo(s),

Residuo Condiciones 6ptimas de extraccién o S Rendimiento Ref.
actividad bioldgica

Borras Extraccion con metanol (60% v/v), 90 minutos, | Polifenoles totales, actividad | 16 mg GAE g ! (29)
relacibn muestra (g):solvente (mL) 1:20 antioxidante 0.10 mM Fe(ll) gt

Borras Extraccion Soxhlet con etanol, 2 horas, Cafeina, acido clorogénico, Rendimiento global de (4)
relacion muestra (g):solvente (mL) 1:30 polifenoles totales, actividad | extraccion 15 + 2%.

antioxidante Actividad antioxidante 90.3%,
151 + 12 mg GAE g*

Borras Extraccion sélido — liquido con etanol :agua Polifenoles totales 19.98 mg GAE gt (66)
(70% v/v), 50 °C, 120 minutos, relacion
muestra (g):solvente (mL) 1:40

Borras Extraccion con agua a 90 °C, 6 minutos, Cafeina 13.24 mg cafeina g* (67)
relaciébn muestra (g):solvente (mL) 1:17

Borras Extraccion asistida por microondas con Polifenoles totales, actividad | Actividad antioxidante 90.69%, | (68)
etanol:agua (20% v/v), 40 segundos, antioxidante 398.95 mg GAE g
relacion muestra (g):solvente (mL) 1:9

Borras Extraccion asistida por ultrasonido con Polifenoles totales, 5mg CQA g?, 15 mg GAE g, | (69)
solventes eutécticos (cloruro de colina:1,6- flavonoides totales, acidos 18 mg CEg'ly21 mg TEg?
hexanediol), 45 minutos, relacién muestra (g): | clorogénicos y actividad
solvente (mL) 1:17. antioxidante

Borras Extraccion con agua subcritica a 50 bar y170 Polifenoles totales, actividad | 56.6 mg GAE g* (70)
°C, 30 minutos, relaciébn muestra (g): solvente | antioxidante y 5-CQA 32.3 mmol TE/100g
(mL) 1:50 1.4 mg 5-CQAg?

Borras Extraccion con agua a 92 °C, 5 minutos, Melanoidinas y antioxidantes | 25 g melanoidinas 100 g*, 500 | (3)
relacion muestra (g): solvente (mL) 1:20 mmol trolox g*

Borras Extraccion con liquidos presurizados, Polifenoles totales, cafeinay | 22.7 mg GAE g* (72)
agua:etanol 70% (v/v), 160 °C a 103 bar, 10 antioxidantes 9.2 mg cafeina g*
minutos, relacion muestra (g): solvente (mL) 10 — 28 mg acido ascoérbico g*
1:30

Pulpa Extraccién Soxhlet con etanol y ultrasonidos, 2 | Capacidad antioxidante Rendimiento global de (4)

horas, relacion muestra (g): solvente (mL) 1:30

extraccion 3.1 + 04%
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Actividad antioxidante: 32%,
587.7 + 46.6 mg GAE g
Pulpa Extraccion con CO- supercritico a 100 °C y 300 | Cafeina 84% (72)
bar, relacién muestra (g):solvente (mL)1:197
Pulpa Extraccion con agua a 100 °C, 10 minutos, 5-CQA, cafeina, polifenoles 1.7 mg CQA g* (73)
relacibn muestra (g): solvente (mL) 1:200 totales y flavonoides totales 13.9 mg cafeina g*
15.6 mg GAE g*
0.9 mg rutina g*
Pulpa Extraccion con agua a 85 °C, 10 minutos, Polifenoles totales 9.17 mg GAE g-! (5)
relacion muestra (g): solvente (mL) 1:10
Pulpa Extraccion con agua, 72 horas, relacion Polifenoles totales y 2 mg GAE g-! (74)
muestra: solvente 1:5, 72 horas antioxidantes 3.8 mmol trolox g*
Cascarilla Extraccion agua a 100 °C, 10 minutos, relacidon | 5-CQA, cafeina, polifenoles 19.4 mg CQA g (73)
plateada muestra (g): solvente (mL) 1:200 totales y flavonoides 24 mg cafeina g*
44.8 mg GAE g*
3.4 mg rutina g*
Cascarilla Extraccion con etanol 60% (v/v), 30 minutos a | Polifenoles totales, 10.6 mg GAE g1, (75)
plateada 80 °C, relacién muestra (g): solvente (mL)1:35 | antioxidantes, acidos 39.4 umol TE g*
clorogénicos y cafeina 2.7mg CQAg?
12.1 mg cafeina g*
Cascarilla Extraccion con agua subcritica a 80 °C (para Cafeina, 5-CQA y 5-HMF 4.4 mg cafeina g* (58)
plateada cafeinay 5-CQA) y a 210 °C (para 5-HMF), 10 1.7 mg 5-CQAg?
minutos, relacion muestra (g): solvente (mL) 6.9 mg 5-HMF g*
1:50
Pergamino Extraccién agua a 100 °C, con agitacion a 250 | 5-CQA, cafeina, compuestos | 6.1 mg CQA g* (73)
rpm, 10 minutos, relacion muestra (g): solvente | fendlicos y flavonoides 58.2 mg cafeina g*
(mL) 1:200 68.2 mg GAE g*
6 mg rutina g*

Abreviaciones:

GAE: Equivalentes de acido galico; CQA: &cido clorogénico; TE: Equivalentes de trolox, 5-HMF: 5-Hidroximetil furfural
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1.3 Disolventes verdes en procesos de extraccion

Los disolventes verdes se caracterizan por ser no toxicos, no volatiles, reciclables,
biodegradables y con bajos requerimientos energéticos para su sintesis (76). La Figura 4
presenta los principales tipos de disolventes alternativos que cumplen en diferentes niveles
con la definicion de disolventes verdes y que han sido empleados para la recuperacion de

compuestos bioactivos de residuos agricolas.

—[ Fluidos supercriticos }

*Di6xido de carbono
*Agua

—[ Bio-disolventes }

*Alcoholes
+Esteres
*Terpenos
Eteres

—[ Disolventes neotéricos }

+Liquidos i6nicos
*Disolventes eutécticos

—| SUPRAS ]

*Inducidos por temperatura
*Inducidos por sal

*Inducidos por un acido
*Inducidos por un mal solvente

Figura 4. Disolventes verdes empleados en procesos de extraccion de compuestos

bioactivos de residuos agricolas

1.3.1 Fluidos supercriticos

Los fluidos supercriticos son sustancias que tienen una presion y temperatura superior a la
de su punto critico (77,78), condicién en la que se genera un cambio en sus propiedades
(77). En cuanto a su viscosidad y difusividad tienen un comportamiento similar a los gases,
pero respecto a su densidad y solvatacién presentan las propiedades de un liquido. Este

comportamiento favorece los procesos de extraccion (78,79) dado que la baja viscosidad y
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alta difusividad incrementan los procesos de transferencia de masa, facilitando la
penetracion del fluido a través de la fase sdlida (80). Adicionalmente, la densidad y
solubilidad pueden modificarse cambiando la presion y/o temperatura o por la adicion de
modificadores como disolvente polares, por ejemplo etanol (81). Los fluidos supercriticos
se han utilizado extensamente en procesos de extraccion en diversas industrias, como la
alimentaria, cosmética, farmacéutica y quimica o de energia, entre otras (85, 87). A pesar
de sus excelentes propiedades, los altos costos de procesamiento limitan su aplicacion en
industrias de pequefia y mediana escala (82).

1.3.2 Bio-disolventes

Los bio-disolventes se producen en bio-refinerias a partir de fuentes biol6gicas, como
cultivos, productos forestales, biomasa acuatica o residuos de las anteriores (83). Dentro
de esta categoria se incluyen los alcoholes (etanol, glicerol), ésteres (acetato de etilo,
lactato de etilo), terpenos (a-pineno, p-cimeno), furfurales y furano (83). Los bio-disolventes
son una alternativa sostenible para reemplazar los disolventes derivados del petréleo (84).
Sin embargo, a pesar de su potencial y de que existen ya productos en el mercado, la
mayoria de las bio-refinerias se encuentran todavia a escala de laboratorio o planta piloto
(84).

1.3.3 Disolventes neotéricos

En esta categoria se incluyen los liquidos ibénicos y los eutécticos. Los liquidos iénicos estan
formados por sales compuestas por cationes y aniones y tienen un punto de fusién inferior
a 100 °C (85). Tiene propiedades ventajosas para los procesos de extraccion, entre las
cuales destacan una presion de vapor despreciable, alta estabilidad térmica y quimica, y
alta solubilidad de sustancias organicas, inorganicas y organometalicas (86). Sin embargo
su clasificacion como “disolvente verde” es controvertida debido a su elevado coste de

sintesis y su potencial toxicidad (87,88).

Para superar esta problematica, se desarrollaron los liquidos eutécticos que constituyen
una alternativa mas sostenible (86). Los liquidos eutécticos estan formados por una mezcla

de acidos y bases de Lewis o Brgnsted y pueden sintetizarse a partir de una amplia variedad
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de especies anidnicas y catidnicas. Los mas comunes estan constituidos por una sal de
amonio cuaternaria y un metal o un donador de protones. Asi entre sus constituyentes
destacan el cloruro de colina, los acidos carboxilicos y otros donadores de protones como
urea, acido citrico y glicerol. Adicionalmente se han desarrollado liquidos eutécticos
naturales constituidos por &cidos organicos, aminoacidos y azucares. Los liquidos
eutécticos tienen propiedades fisicoquimicas comparables a las de los liquidos i6nicos, pero
son mas faciles de sintetizar, mas estables y mas econdémicos. Adicionalmente, no son
inflamables, tienen naturaleza dipolar, alta solubilidad, versatilidad y biodegradabilidad (89—
91).

1.3.4 Disolventes Supramoleculares (SUPRAS)

Los disolventes supramoleculares son liquidos nanoestructurados producidos en
disoluciones coloidales de compuestos anfifilicos a través de un fenémeno espontaneo y
secuencial de auto-ensamblaje y coacervacion (92). La coacervacion es definida como “la
separacion de dos fases liquidas en sistemas coloidales: una fase concentrada denominada

coacervado (SUPRAS) y otra fase denominada disolucion en equilibrio® (93).

Estos liquidos nanoestructurados fueron empleados por primera vez en procesos de
extraccion en el afilo 1978, cuando Watanabe y Tanaka desarrollaron un método para
extraer zinc empleando “una dispersion micelar de tensioactivos no iénicos separados en
dos fases” (94). El proceso se denominé “técnica de punto de nube” (‘cloud point
technique”). El término disolvente supramolecular se introdujo posteriormente para resaltar
gue esta formado por agregados supramoleculares en los que las moléculas anfifilicas que
los constituyen estan unidos por enlaces no covalentes y se forman a través de fendGmenos

de autoensamblaje (95).

1.3.4.1. Sintesis de los SUPRAS

El autoensamblaje se define como la asociacion espontanea y reversible de dos o mas
componentes que forman estructuras ordenadas a través de interacciones no covalentes.
El proceso implica tres fendmenos: (i) reconocimiento molecular, (ii) crecimiento a traves
de un proceso secuencial y co-operativo de multiples componentes vy (iii) finalizacion del

proceso mediante una determinada sefial de stop que significa que el sistema ha alcanzado

43



INTRODUCCION

su completitud (96). El auto-ensamblaje es intrinsecamente dinAmico y adaptativo, asi
dependiendo de las condiciones del ambiente, se pueden obtener diferentes estructuras.
Un cambio en las condiciones ambientales hace que los agregados se reorganicen y re-
estructuren, permitiendo de esta manera el disefio de materiales a medida (96).

El auto-ensamblaje de compuestos anfifilicos en una disolucién tiene lugar cuando se
alcanza una determinada concentracion, denominada concentracion de agregacion critica
(cac), a partir de la cual comienzan a formarse estructuras ordenadas (micelas, vesiculas,
etc. ) con el fin de minimizar los efectos solvofobicos. En la cac la interaccion entre
tensioactivos es mas favorable energéticamente que la interaccién tensioactivo-disolvente.
Asi, estas estructuras surgen de un balance entre interacciones soluto-soluto y soluto-
disolvente (97). La agregacion se considera un proceso “start-stop”. Cuando se adicionan
mas moléculas, se forman nuevos agregados del mismo tamafio debido a la solvofobicidad,
mientras que el proceso de parada es inducido por la repulsion entre los grupos cabeza
(98).

La morfologia del agregado supramolecular depende de la relacion entre el tamafio del
grupo polar y la cadena hidréfoba del tensioactivo. Esta morfologia puede predecirse

empleando la Ecuacion 1 propuesta por Israelachvili (99).

|4 Ecuacioén 1

Donde g es el denominado factor de empaquetamiento, V es el volumen de la cadena
hidréfoba, a, es el area media de seccion que ocupa la cabeza polar en el agregado y [, es

la longitud de la cadena del tensioactivo.
El parametro g depende por tanto de la geometria molecular del tensioactivo y hace

referencia al nUmero de cadenas hidrocarbonadas y de atomos de carbono, el grado de

saturacion de la cadena y el tamafio y carga de la cabeza polar (ver
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Figura 5). Adicionalmente, propiedades intrinsecas de la disolucién, como pH, fuerza iénica,
temperatura o la presencia de co-tensioactivos generan también efectos sobre el parametro

g, los cuales estan implicitamente incluidos en los pardmetros de célculo.

dgo

/
v—*? i

Figura 5. Parametros que definen el factor de empaquetamiento del tensioactivo y por tanto
la morfologia del agregado supramolecular (V: volumen de la cadena hidréfoba, ao: area

media de seccidn que ocupa la cabeza polar, | : longitud de la cadena del tensioactivo)

En la Tabla 7 se presenta la morfologia de las estructuras formadas por tenisoactivos en

disolucién en funcién del pardmetro de empaquetamiento.
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Tabla 7. Morfologia de los agregados supramoleculares en funcion del parametro de

empaquetamiento

Tipo de Parametro de Geometria del Estructura del agregado
agregado empaquetamiento anfifilo
Micelas %4 1
esféricas aole 3
Micelas 1 %4 1
3%l "2
cilindricas dote

Bicapas 0

E < ] <1
vesiculas Qotc
flexibles
Bicapas |4 1
planas Aolc
Micelas

; >1
inversas Qote

Después del primer proceso de auto-ensamblaje, que da lugar a una suspensién coloidal
de agregados tridimensionales (micelas, vesiculas, bicapas, etc.), para la formacion del
SUPRAS se debe producir un fenémeno de coacervacion. El proceso de coacervacion se

induce por un agente externo que provoca que los agregados se ensamblen y se separen
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como una nueva fase liquida que sera inmiscible con su disolucion de equilibrio. La
coacervacion se puede producir por dos mecanismos (100,101):

- Coacervacién simple: el componente coloidal es una macromolécula neutra o cargada

disuelta en agua, o una macromolécula neutra disuelta en un disolvente organico. El agente
externo que provoca la coacervacion puede ser un cambio en el pH o la temperatura, la
adicion de un electrolito, o bien la adicion de un disolvente miscible con el medio de
dispersion, pero en el que la macromolécula es poco soluble. La separacién de fases se
produce debido fundamentalmente a la desolvatacion de las macromoléculas. En una
suspension coloidal, el disolvente interacciona con las macromoléculas a través de enlaces
dipolo-dipolo, puentes de hidrégeno y/o fuerzas de Van der Waals; formando una capa
alrededor de las macromoléculas que impide o limita la interaccién entre las mismas. El
agente inductor de la coacervacion simple debe destruir la interaccién disolvente-
macromolécula favoreciendo de este modo la interaccion entre macromoléculas. Los
agregados formados son insolubles en la disolucién a partir de la que se han generado y
se separan de ella produciendo el coacervado.

ii. Coacervacion compleja: se produce al afiadir a una disolucion acuosa de macromoléculas

cargadas, una macromolécula de signo opuesto. En este tipo de coacervaciéon el factor
electrostéatico (densidad de carga de macromoléculas, fuerza ionica, etc.) es esencial para
la formacion del coacervado. Para favorecer la coacervacion frente a la precipitacion, la
densidad de carga superficial no debe ser muy elevada y la distribucion de la carga sobre
los dos poli-iones no debe ser complementaria, es decir, el espaciado entre cargas debe
ser asimétrico. Al producirse la interaccion, el complejo resultante retiene contra-iones y

una cantidad considerable de moléculas de disolvente.

En la Tabla 8 se presentan las principales estrategias de coacervacion dependiendo de la
naturaleza del grupo polar de la molécula anfifilica (95).

Tabla 8. Estimulos externos para producir la coacervacion en diferentes tipos de
anfifilos
Tipo de anfifilo Estimulo externo Efecto

Compuesto no ibnico  Cambio en la temperatura o Disminucion de la cantidad
adicion de un mal disolvente para de disolvente disponible

el anfifilo para la solvatacién
Compuesto iénico Adicion de sales organicas o Neutralizacion de la carga
inorganicas
Compuesto ionizable Adicion de &cido Neutralizacion de la carga
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En resumen, la formacion del SUPRAS conlleva las siguientes etapas (ver Figura 6):

a. Formacion de agregados tridimensionales (micelas acuosas, inversas, vesiculas,
etc.) a partir de una disolucion de monémeros de tensioactivo (Ver Figura 6a).

b. Agregacién de los mismos y formacion de una nueva fase liquida mediante
coacervacion dando lugar a “gotas de coacervado” (Ver Figura 6b).

C. Floculacion de las gotas dando lugar a clusteres de mayor tamafio (Ver Figura 6c¢).

d. Separacion de estas gotas de diferente densidad en una nueva fase dando lugar al
disolvente supramolecular.

N\ SUPRAS
—— e — N S
o | < /ﬂ
] W/ Temperatura | S ——] P —
i s M He o W
£ sal
. Disolvente o o &
- -] -
¥ o &
o
\ ] e S
(b) (c) (d)
[ | ) L )
| |
AUTOENSAMBLAJE COACERVACION

MOLECUL AR

Figura 6. Proceso de formacion del SUPRAS

Los SUPRAS estan constituidos por elevadas concentraciones de tensioactivo y son
inmiscibles en el disolvente (normalmente agua) a partir del cual se generan, a pesar de
que este disolvente sea un componente mayoritario del mismo y constituya la fase continua
en la que los agregados se dispersan (102). La disoluciéon que queda en equilibrio con el
disolvente supramolecular contiene los monémeros de tensioactivo a la concentracion de

agregacion critica.

1.3.4.2. Propiedades y formatos en procesos de extraccion

Los SUPRAS presentan propiedades intrinsecas y operacionales ventajosas para sustituir
a los disolventes orgénicos en procesos de extraccion. Entre estas propiedades destacan:
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1. Capacidad de solubilizacién simultdnea de compuestos polares, apolares y anfifilicos;

2. Versatilidad en las estructuras y en los tipos de interacciones que proporcionan;

3. Elevado numero de sustancias anfifilicas naturales y sintéticas comercialmente
disponibles a bajo costo;

4. Procesos de sintesis de facil implementacion en cualquier laboratorio o industria;

5. Compatibilidad con las técnicas de deteccion mas comunes.

6. Baja volatilidad e inflamabilidad, lo que permite desarrollar procesos de extraccion

menos contaminantes y mas seguros.

Los SUPRAS contienen una elevada concentracion de tensioactivo (~0.1-1 pg/mL)
organizados en nanoestructuras con microambientes de distinta polaridad, lo que les
confieren una alta capacidad de solubilizacibn de compuestos. Todos los SUPRAS
proporcionan asi un ambiente apolar en la regién hidrocarbonada de los agregados, idonea
para la extraccion de compuestos no polares a través de fuerzas de dispersion. Por otro
lado, los grupos polares del anfifilo (6xidos de polietileno, acidos carboxilicos, sulfatos,
sulfonatos, carboxilatos e iones de amonio y piridinio, etc.) proporcionan interacciones
polares, de tipo i6nico, puentes de hidrégeno y, en el caso de contener anillos bencénicos,
m-cation y 17-17, que permiten la extraccion de compuestos polares e ibnicos. También
poseen una elevada capacidad de extraccion de compuestos anfifilicos mediante la
formacion de agregados mixtos a través de interacciones tanto apolares como polares,
alcanzandose la maxima eficiencia de extraccion para mezclas de tensioactivos de carga

opuesta.

Los formatos para la extraccion con SUPRAS se dividen en dos tipos: in situ y ex situ. La
extraccion de muestras liquidas con SUPRAS implica la formacion in situ del mismo. Por lo
tanto, la generacion del disolvente y la extraccion se produce en una etapa Unica (Ver
Figura 7).
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Figura 7. Extraccion con disolventes supramoleculares en muestras liquidas (formato de

extraccion in situ).

La extraccion de los compuestos de interés se realiza a través de agitacion mecanica o
magnética, seguida de una etapa de centrifugacién para acelerar la separacion de fases.
Dependiendo de la densidad del SUPRAS, éste queda en la parte superior o inferior del
tubo. Cuando la densidad del SUPRAS es inferior a la disolucion en equilibrio, se separa
manualmente empleando una pipeta, mientras la separacion de SUPRAS con mayor
densidad que el agua se suele hacer enfriando el tubo después de la centrifugacion. De
esta forma se incrementa la viscosidad del disolvente, que se adhiere a las paredes del

tubo, facilitando asi el desecho de la disolucién de equilibrio por decantacion.

En el caso de muestras sélidas, la sintesis del SUPRAS se puede realizar sintesis in situ o
ex situ (Ver Figura 8). En la extraccion in situ, la sintesis del SUPRAS se realiza en
presencia de la muestra, para lo cual se afiade la muestra sélida (0.1 — 1 g) a una disolucién
acuosa con los componentes necesarios para formar el SUPRAS (anfifilo, disolvente y
estimulo externo). Posteriormente, se repiten las etapas empleadas para muestras liquidas
(agitacion, centrifugacion y separacion). El soluto se distribuye en tres fases al alcanzar el

equilibrio: la muestra no solubilizada, la disolucion acuosa de equilibrio y el SUPRAS.

La extraccion ex situ se realiza con la sintesis inicial del SUPRAS vy la posterior adicion de

este a la muestra (con o sin disolucién de equilibrio) (95).
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Figura 8. Formatos de extraccion (a) in-situ, (b) ex-situ con disolventes

supramoleculares en muestras sélidas.

La extraccién in situ es favorable en el caso de compuestos apolares, debido a que el
equilibrio de distribucién esta favorecido hacia el SUPRAS. Al mismo tiempo, la disolucién
de equilibrio puede retener compuestos polares de la matriz. Por el contrario, la extraccion
ex situ es favorable para compuestos muy solubles en agua, donde la disolucion de
equilibrio puede generar una competencia por los mismos. Sin embargo la adicién de
disolucién de equilibrio en pequefias dosis puede permitir la humectacion de muestras

altamente higroscépicas e incrementar de esta manera la eficiencia en la extraccion.

Los SUPRAS se han aplicado con éxito a la separacion, preconcentracion y/o purificacion
de compuestos organicos como hidrocarburos aromaticos policiclicos, pesticidas, y
pigmentos, procesos en los cuales se han obtenido elevadas eficiencias (92,95). Sin
embargo, a pesar de su elevado potencial, su uso en la extracciobn de compuestos

bioactivos a partir de biomasa residual ha sido escasa. Algunos estudios han reportado las
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condiciones para la extraccion de compuestos bioactivos a partir de residuos
agroindustriales, como es el caso de polifenoles de lodo de vino (103), betainas de melaza
de remolacha (104), saponinas de residuos de Agave sisalana (105) y antraquinonas de
cascaras de aloe (106). Recientemente nuestro grupo de investigacion ha empleado
SUPRAS de &cidos carboxilicos para la extraccion de astaxantina de microalgas (107). Sin
embargo, no existen estudios del uso de SUPRAS para la valorizacion de residuos de café.

En esta Tesis se utlizan por primera vez los disolventes supramoleculares para la
valorizacion de residuos de café especial cultivado en Colombia. Los resultados
presentados a continuacion evidencian el elevado potencial de este tipo disolventes verdes
en este tipo de aplicacion, debido a la simplicidad de su sintesis, su bajo costo y la alta
eficiencia en el proceso de extraccion. Se pretende asi proponer estrategias simples y
econdmicas para incrementar el valor de la agrocadena del café a pequefios y medianos

productores de Colombia.
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Abstract

Large amounts of agri-food by-products, non-edible food and waste are produced throughout the
supply chain from the initial production to the final consumption stages. The valorization of this
biomass to obtain high-value added compounds has been the focus of extensive research in the
last decade. For this purpose, the use of green techniques is essential to reduce the negative
impact on the health and the environment. In this review, we discuss the use of green solvents
for the valorization of agri-food waste and by-products and we consider their potential to replace
conventional organic solvents in order to provide more environmentally friendly and sustainable
processes. The use of supercritical fluids, neoteric (ionic liquids and deep eutectic solvents), bio-
based and supramolecular solvents is critically dicussed. Parameters affecting extraction
efficiency are detailed for each type of solvent along with advantages and limitations for
application at the industrial scale.

Keywords
Agri-food waste; green solvents, valorization; bio-based solvents; ionic liquids; deep eutectic

solvents

1. Introduction

Agri-food waste is estimated at 5 billion tons of biomass residues per year globally (Naidu et al.
2018). Only in EU, the total annual biowaste is estimated at 76.5-102 million tonnes (Jablonsky
et al. 2018). Nowadays, the final disposal of agri-food waste has become a major challenge for
food processing industries due its potential negative impact on the environment (Galanakis 2015).
Thus, agri-food by-products account for 3.3 billion tonnes of carbon dioxide emissions each year,

globally.
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The Food and Agricultural Organization (FAO) estimates that one third of the edible food is
annually wasted (Gustavsson et al. 2011). The valorization of nonedible crop residues is also
relevant (peels, seed, leaves, pits, pulp, press cakes, etc.). Over the last years, the evaluation of
these by-products as sources of biologically active compounds has attracted great interest
(Carciochi et al. 2017) both to decrease the volume of residues and to obtain high added-value
compounds (Strati and Oreopoulou 2014). Natural bioactive compounds from agri-food waste
constitute a wide variety of molecules with different structures and functionalities for the
production of nutraceuticals, functional foods, and cosmetics, such as polyphenols, lycopene,
anthocyanins, lipids, sugars, alkaloids, proteins, dietary fibers and flavors (Kumar at al., 2017;
see Table 1). Articles reviewing the valorization of certain industrial food waste, such as tomato
(Strati and Oreopoulou 2014), wine (Teixeira et al. 2014; Kammerer et al. 2014), fruit juice
(Kammerer et al. 2014) and olive oil (Rosell6-Soto et al. 2015; Arauvjo et al. 2015) have been
reported in the last years. Other valorization activities include the production of animal feed,
compost, fuel, wood-based panels, bio-fertilizers and biofibers.

Many efforts have been devoted to find simple and inexpensive strategies for the exploitation of
agrifood by-products. A variety of solvents and extraction methods, such as high pressure and
temperature extraction, supercritical fluids, ultrasound- and microwave-assisted extractions, and
enzymatic treatment have been proposed in an attempt to enhance process efficiency for
recovery of high added-value compounds. Organic solvents, such as diethyl ether, N,N-
dimethylformamide, ethanol, hexane, toluene and their aqueous solutions have been the main
extractant phases (Byrne et al. 2016). However, many of the solvent-based extraction processes
are nowadays considered inefficient because of the extended times needed to extract/purify the
target compounds, the requirement of large solvent volumes per sample so that a high amount of
toxic waste is generated. This waste possesses a negative impact on health, safety and the
environment (Vian et al. 2017) and consequently, the search for solvent reduction consumption
and greener solvents has been strongly fostered (Pena-Pereira and Tobiszewski 2017; Tomé et
al. 2018; Cvjetko Bubalo et al. 2018).
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Table 1. High-added value compounds in agri-food waste (examples)

By-product Compounds Use and/orbenefitial effects
Yellow pitahaya Vitamin C, Vitamin C: Dietary
Polyphenols supplement (essential

nutrient for repair of tissues,
enzymatic  production  of
certain neurotransmitters,
immune system functions),
antioxidant; polyphenols:
antioxidants

Mangostino peel

Anthocyanins

Food coloring, antioxidants

Orange peel Flavonoids, Antioxidants
compounds

Avocado peel and avocado Essential oils, fat acids Fragances and flavourings,

seed food additives and
preservatives

Grape seed Resveratrol, polyphenols, Antioxidants (resveratrol is

anthocyanins used as dietary supplement

too)

Passion fruit Polyphenols Antioxidants

Pineaple peel Enzymes

Soursop peel Flavonoids Antioxidants

Guava peel Vitamin C Dietary supplement,
essensial nutrient, immune
system functions, antioxidant

Papaya peel Phenolic compounds Antioxidants

Pupunha peel Polyphenols Antioxidants

Cocoa peel Polyphenols Antioxidants

Tamarind peel Aromatic compounds Fragances

Coffee peel and spent coffee Polyphenols Antioxidants

grounds

Tomato peel and seed Lycopene Food coloring, antioxidant

Corncob Lignin Paper industry, textiles and

Glucose and xylose

fibers, food and
pharmaceuticals additive,
building materials, biofuel;
sugars:

Coconut husk

Celullose
Lignin

Paper industry, textiles and
fibers, food and
pharmaceuticals additive,
building materials, biofuel
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2. Green solvents: potential and limitations in the extraction and valorization of agri-
food waste

Green solvents are non-toxic, non-volatile, recyclable, biodegradable and may not involve a high
energy cost of synthesis (Das et al. 2017). A number of alternative solvents that fulfill, to a greater
or lesser extent, this definition is included in Figure 1. They are grouped in four categories, namely
supercritical fluids, neoteric, bio-based and supramolecular solvents. Replacement of a harmful
solvent by a greener alternative in a separation process is not trivial and, in some cases, novel
challenges and limitations can arise due to the different physicochemical properties of the
solvents considered. In this review, we discuss briefly the extraction potential and limitations of
green solvents for the valorization of agri-food waste.

*Water *Alcohols
*Carbon dioxide *Esters
*Terpenes

*Ethers

Bio-based

Supercritical

fluids solvents

Neoteric

Supramolecular

solvents

solvents

*Temperature-induced
«Salt-induced
*Acid-induced
*Poor solvent-induced

lonic liquids
*Deep eutectic solvents

Figure 1. Green solvents covered in this review
2.1 Supercritical fluids
Supercritical fluids (SCFs) are substances for which both pressure and temperature are above

their critical values (Knez et al. 2014; Cabeza et al. 2017). The SCFs are characterized by gas-
liquid properties, i.e. gas-like viscosity and diffusivity and liquid-like density and solvating
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properties. This makes them excellent solvents for extraction processes in the so-called
supercritical fluid extraction, SFC (Knez et al. 2014; Pitchaiah et al. 2018). Thus, the fluid diffuses
easily through solids and provides faster extraction yields (da Silva et al. 2016). Additionally, the
SCFs density can be modified by changing its pressure and/or temperature and since density is
related to solubility, the solvent strength of the fluid can be modified (Herrero et al. 2006).
Furthermore, the fluid solubility strength can be tuned by the addition of modifiers. This versatility
makes SFCs very interesting for different applications (Yoon and Lee 2018).

SCFs have been extensively used in the industry and scientific literature for fractionation of
products, dyeing of fibers, treatment of contaminated soils, production of powders in
micro/nanometer sizes and novel chemical reactions to replace organic solvents (e.g. catalytic
hydrogenation reactions typical for petrochemical industry), energy industry applications and
biofuel production (Knez et al. 2014). The most used SCFs are water, carbon dioxide, helium,
refrigerants and hydrocarbon fuels, but health and safety benefits are especially evident in the

use of supercritical CO, and supercritical water.

2.1.1 Water

Water is considered as the cleanest solvent. Supercritical water exists at temperatures above
374°C and pressures above 22.1 MPa. Supercritical water behaves as a nonpolar solvent
because hydrogen bonding is lost under these extreme conditions (DeSimone 2002). Its use has
increased during the last two decades and industrial applications have been developed looking
for environment-friendly and energy-saving technologies (Gorbaty and Bondarenko 2017; Yang
et al. 2019). However, despite extensive research efforts, corrosion problems have not been
satisfactorily solved for application at industrial scale up to now. (Plaza and Turner 2015). An
alternative is the use of pressurized hot water extraction (PHWE) or subcrital water extraction that
uses water at temperatures above its boiling point (100 °C) but below the critical point of water
(374°C, 22.1 MPa) (so, below the critical point of water) (Pagano et al.a, 2018; Plaza and Turner
2015). A variety of applications to the extraction of bioactives have been made, such as flavonoids
from onion waste (Munir et al. 2018) or reducing sugars from wheat straw (Abdelmoez et al.
2014).However, the risk of hydrolysis and other degradation reactions during extraction are major

drawbacks of this technique. (Plaza and Turner 2015)
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2.1.2 Carbon dioxide

Supercritical fluid (SCF) extraction with carbon dioxide has widely contributed to the development
of green extraction processes for bioactive compounds (da Silva et al. 2016). CO; is the most
used because of its moderate critical temperature (31.3 °C) and pressure (7.38 MPa). CO: is non-
carcinogenic, non-toxic, non-mutagenic, non-flammable and thermodynamically stable (Knez et

al. 2014) and generally recognized as safe and green solvent (Herrero et al. 2006).

The applicability of SFE to high-added value compounds from vegetable matrices (agri-waste,
algae, etc.) has been reviewed by several authors (Oliveira et al. 2011; Sharif et al. 2014; Knez
et al. 2014; da Silva et al. 2016; Cabeza et al. 2017; Djas and Henczka 2018). The bioactive
compounds extracted by SFE include a wide variety, such as phenolic compounds from passion
fruit seeds (Oliveira et al. 2017) and grape seeds (Pérez et al. 2015), phytochemical compounds
from soy bean expeller (Alvarez et al. 2019), essential oil from orange peel (Xhaxhiu and
Wenclawiak 2015), phenols from olive oil mill waste (Lafka et al. 2011), phytosterol from roselle
seeds (Nyam et al. 2010b), limonoid glucosides from grapefruit molasses (Yu et al. 2006),
solanesol from tobacco waste (Wang and Gu 2018) and saponins from Agave salmiana bagasse
(Santos-Zea et al. 2019) (see Table 2). Most of these studies investigate the influence of pressure
and temperature in the extraction yield. Extractions are usually carried out at temperatures and
pressures in the ranges 35 — 80 °C and 10 — 70 MPa, respectively. The flux ranges from 1.5 to
5,000 mL CO2/min and the extraction times from 25 to 150 min. The use of experimental design
is common for understanding linear and complex interactions among variables. However, as
Sharif et al., 2014 pointed out, the successful application of an experimental design in SFE relies
on the in-depth understanding of both SFE and experimental design techniques (Sharif et al.
2014).

When compared to other extraction techniques, CO,-SFE was superior to ultrasound-assisted
extraction for isolation of essential oils from orange peel extracts (Xhaxhiu and Wenclawiak 2015),
while for more polar compounds, such as phenolics from olive oil mill waste, CO»-SFE was
acceptable but less efficient than extraction with polar solvents (e.g. ethanol). In this sense, many
authors propose the use of co-solvents, such as ethanol, for improving recoveries of polar and
medium polar compounds (Braga et al. 2008; Xhaxhiu and Wenclawiak 2015; Campone et al.
2018). Since CO; is a gas with low polarity, the addition of a polar solvent (4.7 — 10%) improves

its solubility for compounds with polar functional groups (such as vitamin E, y-oryzanols and

70



CAPITULO |

xanthophylls). Another advantage of SFE processes is the fact that this technology can be easily
transferred at industrial scale to extract large quantities of matrix and obtaining great amount of

extract in a single step (Campone et al. 2018).

However, despite the excellent extraction properties and great versatility, the high processing
costs and the complex industrial equipment are limiting factors. For example, the economical
assessment of SFE into a sugarcane-microalgae biorefinery by Albarelli et al (2018) led to the
conclusion that the process was not economically attractive, as it increased the total investment
by 71% (respect to traditional biorefinery) and presented a very high energy demand that would
lead to high operational costs (Albarelli et al. 2018).

2.2 Neoteric solvents

Neoteric solvents is a term that refers to solvents structurally novel or unconventional and usually
characterized by physical and chemical properties that can be finely tuned for a range of
applications by varying the chemical constituents (Gutiérrez-Arnillas et al. 2016). Among neoteric

solvents, fluorous solvents, ionic liquids and eutectic solvents have received the highest attention.

Fluorous solvents are made from highly fluorinated compounds, such as perfluorooctane,
perfluorohexane, perfluoro (methyl cyclohexane), perfluorodecaline, perfluorotributylamnine and
perfluoropolyether (Matsuda et al. 2013). They are so-called the “third liquid phase,” because of
their immiscibility with both water and organic phases, which make easier their reuse and
application in separation processes. Furthermore, perfluorocarbons have advantages as
solvents, because they are chemically unreactive, non-flammable and have low toxicity (Kerton
2009). Main drawbacks are their high cost, limited applicability to very non polar solutes and the
concern about their sustainability due to their high environmental persistence and global warming
potential (greenhouse gases) (Clark and Tavener 2007). Fluorous solvents have been employed
for extraction of metals and organic compounds. However, to the best of our knowledge, their
applicability to the extraction of bioactive compounds for agri-waste has not been explored yet.

So, in this review, we focus our discussion on ionic liquids and eutectic solvents.
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Table 2. Extraction of bioactive compounds from agroindustrial by-products using SCFs and subcritical water

Agri-food SCFs Sample size Extraction Bioactive compound Extraction Reference
waste rate/time efficiency/performance
Soy bean COzat 35°C 50 g 0.5kg/h Phytochemical Up to 16.0 mg GAE/ (Alvarez et al.
expeller and 40 MPa, compounds 100g and up to 65 mg 2019)
3% wiw QE/100g
ethanol
Grape seeds CO:zat 40 °C 69 1.5 mL/min Phenolic compounds 25 mg GAE/g (Pérez et al.
and 30 MPa 2015)
Maritime COz2at30°C - 95-167¢g/ Catechin+epicatechin 0.35 mg/g (Braga et al.
pine bark and 25 MPa, min, 90 min. 2008)
10% viv
ethanol
Onion skin CO2at40°C 19 10.5 mL/min, Phenolic compounds 3.7 mg/g quercetin (Campone et al.
and 10 MPa, 120 min 1.4 mg/g 2018)
4.7% viv protocathechiuc acid
ethanol (among others)
Orange peel CO:zat50°C 05¢g 1.6 mL/min, Limonene, 3-myrcene, ~0.25 % limonene; (Xhaxhiu and
and 40 MPa 15min decanal, a-pinene, ~0.004-0.005 % linalool, = Wenclawiak
linalool, valencene B-myrcene and 2015)

decanal,; ~0.003-0.004
% a-pinene, linalool,

valencene
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Table 2. Extraction of bioactive compounds from agroindustrial by-products using SCFs and subcritical water

Agri-food SCFs Sample size Extraction Bioactive compound Extraction Reference
waste rate/time efficiency/performance
Rice bran COz at 43°C 49 60 min Rice brain essences 0.68-16.65, 1410-2480 (Sookwong et al.
and 34.5 MPa, (with vitamin E, total y- and non deected-0.1 2016)
10% ethanol oryzanols and total ug/g of vitamin E, y-
xanthophylls) oryzanols and
xanthophylls
Brazilian CO:2 at 45 °C, 729 2 g CO2/min, 22 Sesquiterpenes 380 mg/g germacrone (Santos et al.
cherry seeds 17 MPa, 10% h i?g{;nn?ecrr]z?e and and 460 mg/g 2015)
ethanol y—Elemene
Kalahari COz2at60 °C 1g 20 mL/min, 3h  Tocopherol 266.87 and 94.88 (Nyam et al.
melon and and 30 MPa mg/100 g from Kalahari 2010a)
Roselle (melon) and at melon and roselle seed
seeds 80, °C and
20MPa
(roselle seeds)
Citrus junos  CO:2at 70 °C 59 3 mL/min, 120 N-methylanthranyl acid 1.1,1.85and 0.11 x 10*  (Ueno et al. 2008)
seed and 50 MPa min methyl, B-sitosterol, mg/g of N-
squalene methylanthranyl acid
methyl, B-sitosterol and
squalene, respectively
Olive oil mill  COzat 25 °C 29 2 g/min, 60 min  Phenolic compounds 0.76% (wiw) (Lafka et al. 2011)
waste and 35 MPa
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Table 2. Extraction of bioactive compounds from agroindustrial by-products using SCFs and subcritical water

Agri-food SCFs Sample size Extraction Bioactive compound Extraction Reference
waste rate/time efficiency/performance
Roselle COzat40,°C - 20 mL/min Oil with phytosterol 108.7 % recovery of all (Nyam et al.
seeds and 40 MPa, containing 7,263 mg/Kg  2010b)
10% viv of phytosterol
ethanol
Grapefruit COzat50 °C 60g 5 L/min, 40 min  Limonoid glucosides 0.61 mg/g molasses (Yu et al. 2006)
molasses and 48.3
MPa, 10% v/v
ethanol
Industrial COz2at40°C 70 1L/min, 120 Solanesol 0.9 % (with (Wang and Gu
tobacco and 30 MPa min, pretreatment), 0.1 % 2018)
waste pretreatment (without pretreatment)
with organic
solvent
extraction
Agave COz at 60 °C 10g 1.7 g/min, 60 Antioxidants 17.6 pmol Trolox (Santos-Zea et
salmiana and 30 MPa, min equivalents/g al.2019)
bagasse 10% viv
ethanol
Apple by- Water, 125°C 5g(11mLcells 3 min Phenolic compounds 1.8 ymol GAE/g (Plaza et al 2013)
products (flavonoids) were filled with 1.3 umol QE/g

and 175 °C
(polyphenols)
and 10.3 MPa

water)
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Table 2. Extraction of bioactive compounds from agroindustrial by-products using SCFs and subcritical water

Agri-food SCFs Sample size Bioactive compound Extraction Reference
waste efficiency/performance
Onion waste  Water, 230°C 0.6 L water Phenolic compounds 63-75 mg GAE/g (Munir et al 2018)
(skin) (flavonoids) suspension of 23-26 QE/g

and 175 °C onion peel (2%

(polyphenols)  wt solids)

and 3 MPa
Potato peel Water, 90 °C 05¢g 3 mL/min, 9 min Carbohydrates and 610 mg glucose (Alvarez et

and 4 MPa phenolic compounds equivalent/ g al.2014)

20 mg GAE/g

GAE: gallic acid equivalents (total polyphenolic content); QE: quercetin equivalent (total flavonoids contents)
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2.2.1 lonic liquids

lonic liquids (ILs) have been widely applied to the extraction of bioactive compounds (Passos et
al. 2014; Ventura et al. 2017). They are a class of salts composed of discrete cations and anions
with melting points below 100 °C (Henderson et al. 2011), unique physicochemical properties and
pre-organized and tunable solvent structures (Strati and Oreopoulou 2016). Some of their special
properties are negligible vapor pressure, excellent thermal and chemical stability, wide
electrochemical potential window and outstanding solubility for organic, inorganic and
organometallic substances. These properties, along with the extraordinary degree of tunability for
both cations and anions, make ionic liquids interesting materials for extraction processes
(Henderson et al. 2011).

Although the use of ILs in food processes is not regulated by the Federal Drug Administration,
FDA (Martins et al. 2017), the extraction of alkaloids, terpenoids, flavonoids, phenolic compounds,
saponins, etc. from natural sources (mainly plants) has been widely investigated (Ventura et al.
2017). However, their applicability to agri-food waste is somehow more limited (see Table 3).
Among ILs, 1-alkyl-3-methylimidazolium-based ILs are by far the most studied and are usually
combined with [BF4], CI-, and Br- counterions. The application of greener ILs, e.g. ammonium-

based cations, such as cholinium, is still scarce (Ventura et al. 2017).

Regarding agri-food waste, ILs have been applied to the extraction of reducing sugars from corn
stalk (Li et al. 2008) and soybean hulls (Hu et al. 2014), levulinic acid from rice husk (Khan et al.
2018), lactic acid from deoiled cottonseed cake, wheat straw and sugarcane bagasse (Grewal
and Khare 2018), oleanolic acid from olive tree leaves (Claudio et al. 2018), cellulose from
coconut husk (Zahari et al. 2018), tyrosol from olive mill wastewater (Larriba et al. 2016) and lignin
from sugarcane bagasse (Saha et al. 2017). The use of high temperature for extraction is usual
(up to 140 °C) as well as long extraction times (2 h); additionally ultrasonic extraction has been
frequently reported. The viscosity of ILs is high and can be lowered by temperature, which is an
important factor in the mass tranfer process and fluid flow (Khan et al. 2018). Additionally, the
high temperature promotes the biomass dissolution (Hou et al. 2015) and ILs are mostly thermally
stable above 200 °C (Khan et al. 2018). ILs concentration and composition are the other most

investigated parameters for extraction processes based on these solvents.
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Agri-food  Type of ILs Ratio Extraction Bioactive Extraction Reference

waste sample conditions compound efficiency/performance

size (9):ILs
volume
(mL)?

Cornstalk ~ CamimBr, CamimCl, 0.2:4 100 °C, 60 min, Total reducing  71% (Li et al.
C4mimHSO4, CemimCl, 1-Allyl- HCl/sample ratio sugars 2008)
3-methylimidazolium chloride, 7%

CsmimCl

Rice husk  [C4(Mim)2][(2HSO4)(H2S04)0], 0.025:0.75 110 °C, 60 min Levulinic acid 47.52% (Khan et al.
[C4(Mim)2][(2HSO4)(H2S04)2] IL:water 10:1 2018)
C4(Mim)2][(2HSO4)(H2S04)4]

Olive tree [Cemim]ClI, [Cgmim]CI, 1:10 80 °C for 2h or Oleanolic acid 2.5 % (wt%) (Claudio et al.

leaves [C10mim]CI, [C12mim]CI, microwave 2018)
[C12mim]Br, [C12mim]I, assisted extraction
[C14mim]CI, [C16mim]CIl and for 30 min; IL in
[C1gmim]Cl water (500mM)

Coconut [N2220][HSO4] 9:100 w/w 120°C, 2 h Cellulose, 56.5% (cellulose) (Zahari et al.

husk IL:water lignin 12.8% (lignin) 2018)

80:20 v/iv

Olive mill [P4441][Tf2N], [N4441][Tf2N], 1.5 30°C,2h Tyrosol 78% (Larriba et al.

wastewater and [Nggg1][Tf2N] 2016)

Sugarcane Csmim acetate 1:20 wiw 140 °C, 120 min Lignin 90.1% (Saha et al.

bagasse 2017)
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Table 3. Extraction of bioactive compounds from agroindustrial by-products using ILs

Agri-food  Type of ILs Ratio Extraction Bioactive Extraction Reference
waste sample conditions compound efficiency/performance

size (9):ILs

volume

(mL)?
Soybean [C4(Mim)2] hydrogen sulfate + 1:4.8 wiw 95°C, 1 h; Reducing 275.4 mglg (Hu et al.
hulls pretreatment with 1-allyl-3- ultrasonic-assisted sugars 2014)

imidazolium chloride [AMIM]CI extraction;

water/sample 20:1

aor per gram when indicated (% w/w); Optimal ILs shown in bold; Cnmim: 1-alkyl-3-methylimidazolium cation; [Tf2N]: bis(tri-
fuoromethylsulfonyl)imide anion; [N2220]: Triethylammonium catién; , [N4441]: tributyl(methyl)phosphonium catién; [Nggg1]:

tricaprylmethylammonium; [P441]: tributylmethylphosphonium cation
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A special advantage of ILs for the extraction of bioactives is their ability to permeate and modify
biomass cell walls and tissues and facilitate the release of compounds. Protic ILs may facilitate
the hydrolysis of polysaccharides and other components for cell lysis via strong hydrogen
bonding. This has been exploited for the extraction of asthaxanthin for algae and levulinic acid
from lignocellulosic biomass (Shankar et al. 2017; Khan et al. 2018). The extraction of levunilic
acid also involved a catalytic process favoured by acidic ILs (Khan et al. 2018). Acidic ionic liquids
have been proposed for furher favouring the hydrolysis of lignocellulosic materials (Li et al. 2008).

The versatility of ILs and the wide range of experimental conditions for its use make them very
attractive for extraction processes. However, their further practical use has been limited so far,
mainly due to their inherent high costs and potential toxicity. The development of more
environmentally- benign ILs for extraction purposes is still in its infancy (Passos et al. 2014;
Dominguez de Maria 2017). To reduce costs, the utilization of co-solvents, such as methanol, and
solvent reuse based on the different solubility of ILs and bioactives in organic solvents and water,
are available options (Cooney and Benjamin 2016). Thus, Khan et al. (2018) proposed the
recycling of the IL by re-extraction of the levulinic acid with ethyl acetate (in which the IL was not
soluble) and solubilization of the IL in water (in which levunilic acid was not soluble). The IL was
then recovered by evaporation using vacuum rotary and could be reused four times with
reasonable yield. The vyield of levulinic acid was between 47 and 48 %. Saha et al. (2017)
proposed to recycle the IL and to recover lignin from soybean hulls by adding a mixture of acetone:
water (1:1 v/v) to the bagasse:ionic liquid solution 10:1(v/v). This caused the precipitation of the
cellulosic material and left a filtrate solution containing lignin and the IL. Ligning was recovered
after evaporation of acetone and the IL was obtained after the further evaporation of water under
vacuum. The vyield of lignin for the whole process was 90.1% and the efficient recovery of the IL

was proved by thermogravimetric analysis.

2.2.2 Deep eutectic solvents

Deep eutectic solvents (DESs) were developed to overcome the environmental issues of ILs
(Dominguez de Maria 2017). They have physical and chemical properties comparable to ionic
liquids, but they are easier to synthesize and more stable and cost-competitive and, typically,
most of them are environmental-friendly (Zhang et al. 2012; Satlewal et al. 2018). DESs have
shown a great potential in emerging green extraction technologies and they are expected to be

widely transferred to industry in coming years (Alonso et al. 2016).
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DESs are eutectic mixtures of Lewis or Brgnsted acids and bases which can contain a variety of
anionic and/or cationic species (Smith et al. 2014a). They are usually produced by the
complexation of a quaternary ammonium salt with a metal salt or hydrogen bond donor. The
charge delocalization trough the hydrogen bonding results in a decrease of the melting point of
the mixture. This is due to the fact that DESs consist of large, hon-symmetric ions with low lattice

energy and hence, low melting points (Smith et al. 2014a).

DESs are prepared by simply mixing the components and are classified depending on the nature
of the complexing agent into four categories (See figure 2). They can be composed of a
guaternary ammonium salt and a metal chloride (type I), a metal chloride hydrate (type Il) or a
hydrogen bond donor (type Ill) and of a hydrogen bond donor and a metal chloride (type 1V). A
range of hydrogen bond donors have been studied such as amides, carboxylic acids, and alcohols
(Smith et al. 2014a).

Quaternary ammonium

uaternary ammonium :
Q y salt + metal chloride

salt + metal chloride

hydrate
Quaternary ammonium
salt + hydrogen bond Hydrogen bond donor +
donor S metal chloride

Figure 2. DES classification
Adapted from: (Smith et al. 2014a)
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One of the attractive features of DES is their tunability. Thus, a huge number of eutectic mixtures
with varying viscosity, density, miscibility and polarity can be obtained by simply changing one or
both components in the mixture. In this way, DESs can be easily tailored for specific applications
including extraction processes (Huddleston et al. 1998; Tomé et al. 2018; Cunha and Fernandes
2018).

Regarding the applicability of DESs in the valorization of agri-waste, type Ill DESs have been the
most studied and have the greater potential in biomass processing due to their quick and easy
preparation, non-reactivity with water, biodegradable nature and cost effectiveness (Smith et al.
2014a; Loow et al. 2017). The most used DES has been made up of choline chloride (ChClI) mixed
with different chemical functional groups such as amine, alcohol, acid, and sugar, which act as
hydrogen bond donors. Choline is nontoxic, have low cost and is classified as a provitamin in
Europe (Smith et al. 2014a).

DESs have been reported for the extraction of tocols from crude palm oil (Hadi et al. 2015),
anthocyanins from wine (Radosevi¢ et al. 2016; Bosiljkov et al. 2017), genistin, genistein and
apigenin from Pigeon pea roots (Cui et al. 2015) and lignin from rice straw (Kumar et al. 2016;
Hou et al. 2018). Polyphenols have been extracted from lemon peels, olive leaves, onion solid
wastes, red grape pomace and wheat bran (Mouratoglou et al. 2016), grape skins (RadosSevic¢ et
al. 2016), Cajanus cajan leaves (Wei et al. 2015), Morus alba L. leaves (Zhou et al. 2018), olive
pomace (Chanioti and Tzia 2018) and spent coffee grounds (Yoo et al. 2018). The extraction time
and yield for the bioactives varied according to the type of DES, the structure of the bio-compound,
the extraction temperature applied and the use of auxiliary energy (such as microwave or
ultrasound). Extraction times varied from 11 min to 24 h with temperatures in the range 40-90 °C
and frequent dilution with water (5-30 % w/w). Table 4 lists valorization processes of agri-waste
with DESs.

The physicochemical properties of DESs greatly influence extraction rates (Zainal-Abidin et al.
2017). Polarity and viscosity are two very influencial factors when optimizing the extraction of
bioactive compounds with DESs. The high viscosity of DES is a major disadvantage since it
reduces the mass transfer of bioactive compounds. Viscosity can be lowered by increasing the
temperature at which extraction occurs and by mixing DES with water. For instance, in the case
of DESs made up of ChCl:glycerol (1:1), the viscosity decreased by 1/5 at 5% of water and to
1/80 at 20% of water (Zainal-Abidin et al. 2017).
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Agri-food Type of DES Ratio Extraction Bioactive Extraction rate Reference
waste sample size conditions compound efficiency/performance
(9):DES
volume
(mL)?
Crude choline chloride (ChCl):acetic  1:3 wiw 3h Tocols 14,689-18,525 mg/Kg (Hadi et al.
palm oil acid, ChCl: malonic acid, IL diluted in 2015)
ChCI: citric acid methanol, sample
diluted in hexane
Wine lees  ChCl:citric acid, ChCl: malic  1:60 30 min and Anthocyanins 5.2-6.5 mg/g (total (Bosiljkov et
(Merlot acid, ChCl: oxalic acid, ChCl: ultrasound assisted and related anthocyanins) al. 2017)
grapes) glucose, ChCI: fructose, extraction compounds
ChCI: xylose, ChCI: glycerol Water in NADES
35.4 wiw
Pigeon ChCl:sucrose ChCl:1,2- 2.5:100 11 min, 80 °C, Genistin, 0.449 mg genistin /g, (Cui et al.
pearoots  propanediol, ChCI: glucose, microwave genistein 0.617 mg genistein/g and  2015)
ChCI: sorbitol, ChCI: glycol, assisted extraction  apigenin 0.221 mg apigenin/g
ChClI: glycerol, ChCI:1,3-
Butanediol, ChCl: 1,4-
Butanediol, ChClI: 1,6-
Hexanediol, glucose: L-
proline, glucose: lactid acid
Rice straw Lactic acid: betaine; lactic 0.5-10,1:10 12h,60°C Lignin 68 mg/g (Kumar et al.
acid: ChCl wiw 2016)
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Table 4. Extraction of bioactive compounds from agroindustrial by-products using DES

Agri-food Type of DES Ratio Extraction Bioactive Extraction rate Reference
waste sample size conditions compound efficiency/performance
(9):DES
volume
(mL)?
DES with 5% water
viv
Lemon Glycerol: choline chloride/ 0.1:10 90 min, 80 °C, — Phenolic 88.03 mg GAE/g in onion  (Mouratoglou
peels, sodium acetate, glycerol: ultrasound- compounds solid wastes (with et al. 2016)
olive sodium—potassium, assisted extraction glycerol: sodium—
leaves, tartrate:water DES and 10 % potassium, tartrate:water),
onion solid water 53.76 mg GAE/g in lemon
wastes, waste peels, 36.75 mg
red grape GAE/qg in olive leaves,
pomace, 53.63 mg GAE/g in red
spent filter grape pomace, 22.59 mg
coffee and GAE/g in spent coffee
wheat grounds and 17.78 mg
bran GAE/g in wheat bran
Corncob ChCl: glycerol, ChCl: 1:16 15h, 80°C (ChCl:  Fermentable Glucose 91.5-92.3% (Procentese
imidazole, ChCl: urea imidazole) sugar Xylose 59.5-95.5 % et al. 2015)
15 h, 180 °C
(ChCI: glicerol)
Washing and

evaporation to
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Agri-food Type of DES Ratio Extraction Bioactive Extraction rate Reference
waste sample size conditions compound efficiency/performance
(9):DES
volume
(mL)?
remove
DES+enzymatic
treatment
Grape ChCI: glucose, ChCl: 1:10 50 min, 65 °C, Phenolic 91 mg/g polyphenols and (RadoSevi¢
skins fructose, ChCI: xylose, ChCI: ultrasound- compounds, 24 mg /g anthocyanins et al. 2016)
glycerol, ChCl: malic acid assisted extraction  anthocyanins
Cajanus ChClI: glycerol, ChClI: 1,4- 1:30 12 min, 60 °C, Phenolic Stilbenes cajaninstilbene (Wei et al.
cajan butanediol, ChCl: ethylene microwave- compounds acid 6.9 mg/g; longistyline  2015)
leaves glycol, ChCI: glucose assisted extraction  (n=14) C 4.4 mglg
ChCI: sucrose, ChCl: DES and 20%
maltose, ChCI: sorbitol, water
ChCI: citric acid, ChCI: malic
acid, ChCl: lactic acid, citric
acid: glucose, citric acid:
sucrose, lactic acid: glucose,
lactic acid: sucrose
Corncob ChCl: lactic acid, ChCl: 1:20 wiw 24 h,90°C Lignin removal  71.3 % (lignin); 96.4% (Zhang et al.
glycolic acid, ChCI: levulinic Enzymatic and glucose (glucose) 2016)
acid, ChCl: malonic acid, treatment yield

ChCI: glutaric acid, ChCl:
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Agri-food Type of DES Ratio Extraction Bioactive Extraction rate Reference
waste sample size conditions compound efficiency/performance
(9):DES
volume
(mL)?
oxalic acid, ChCl: malic acid,
ChCI: ethylene glycol, ChCl:
glycerol
Grape ChCI: glycerol ChCI: oxalic 1:10 50 min, 65°C, Flavonoids ~25 mg/g (sum of (Cvjetko
skins acid ChCI: malic acid ChCl: ultrasound- anthocyanins and Bubalo et al.
sorbose ChCI: proline: assisted extraction cynidine-3-O-glucosides)  2016)
malic acid DES and 25%
water
Morus ChCI: Urea, ChCI: Ethylene 1:20 30 min, 40 °C, Phenolic 22.66 mgl/g (Zhou et al.
alba L. glycol, ChCI: Glycerol, ChCI: ultrasonic-assisted compounds 2018)
leaves Citric acid, ChCI: malic acid, extraction
Betaine: levulinic acid, DES:water 3:1 v/v
betaine: lactic acid, betaine:
glycerol, proline: malic acid,
proline: Glycerol, L-proline:
levulinic acid, L-proline: lactic
acid
Olive ChCl: citric acid, ChCI: 1:12.5 30 min, 60 °, Phenolic 35 mg GAE/g and (Chanioti
pomace lactic acid, ChCI: maltose, homogenate- compounds homogenization and Tzia
ChCI: glycerol assisted extraction 2018)
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Agri-food Type of DES Ratio Extraction Bioactive Extraction rate Reference
waste sample size conditions compound efficiency/performance

(9):DES

volume

(mL)*

20% v/v water

Spent ChCI: urea, ChCI: acetamide, 1:17 45 min, ultrasonic-  Phenolic 15 mg GAE/g (Yoo et al.
coffee ChCI: glycerol, ChCI: sorbitol, assisted extraction  compounds 2018)
grounds ChCI: ethylene glycol, ChCI: DES and 30%

1,4-Butanediol, ChCl: 1,6-
hexanediol, ChCI: malonic
acid, ChCl: citric acid, ChCI:
fructose, ChClI: xylose, ChCI:

sucrose, ChCl: glucose

water

aor per gram when indicated (% w/w); optimal DES shown in bold; GAE: gallic acid equivalents
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Additionally, the polarity of DES increased along with the water content (Huang et al. 2017).
Different hydrogen bond donors (i.e. sugars, polyhydric alcohols and organic acids) were tested
by Cui et al. (2015) to lower viscosity and increase polarity of choline-based DESs in the extraction
of genistin, genistein and apigenin from pigeon pea root (Cui et al. 2015). The viscosity of DESs
with sugars was the greatest while the polarity was higher for sugars and polyhydric alcohols
compared to organic acids. Finally, DESs made up of 30% water in 1,6-hexanediol/ChCI (7:1,
mol/mol) were selected as optimal. Microwave assisted extraction and 80 °C were applied to
enhance the extraction yield. Procedures for the recovery of DES and bioactives with solvent
back-extraction are proposed, such as a washing step with water:ethanol for ChCl:glycerol
enriched with glucose and xylose and further drying at 38 °C (Procentese et al. 2015). In this way
the yield of glucose and xylose were in the ranges 91.5-92.3% and 59.5-95.5 %, respectively.
Hadi et al. (2015) investigated the reuse of other chloine-based DES after extraction of tocols
from crude palm oil. A mixture of water—hexane (4:1 v/v) was employed for liquid-liquid separation.
The hexane layer contained the tocols that were later recovered by evaporation at 60 °C. The
DES-rich layer, which contained a mixture of methanol, water and traces of hexane, was dried to
remove methanol and water (15 h). The yield of the recycled DES slightly decreased from 18,525
+ 882 to 11,741 + 566 mg/kg (total tocols concentration).

2.3 Bio-based solvents

Bio-based solvents are defined as solvents produced from renewable biomass sources such as
energy crops, forest products, aquatic biomass and waste materials (Naidu et al. 2018). They are
produced in a biorefinery (Vovers et al. 2017) which aims for the maximum recovery and
production of high added-value products (Carmona-Cabello et al. 2018). Some bio-based
solvents are alcohols (ethanol), esters (ethyl lactate), glycerols, terpenes, furfurals (furfural,
furfural alcohol, levulinic acid), and furan (Li et al. 2016). Viscosities are low, which make them
easy to handle in extraction processes. Despite their great potential, the scale of biorefineries is
still mainly limited to lab-scale or pilot plants (Vovers et al. 2017). However, some of them are

already commercially available.
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2.3.1 Alcohols

The first generation of bio-based ethanol was derived from sources like starch, sugar, animal fats
and vegetable oil. The main problem was the food-versus-fuel debate (Pandiyan et al. 2019). The
second generation was produced from a non-food biomass, such as lignocellulosic materials. The
third generation was derived from microalgae (Pandiyan et al. 2019). Methanol can also be
produced from biomass, but it has toxicity issues (Vovers et al. 2017). Other bio-alcohols with low
toxicity are bio-butanol, bio-2-octanol, bio-1,3-propanediol and bio-1,3-butanediol (Calvo-Flores
et al. 2018). On the other hand, glycerol has been widely obtained as by-product in biodiesel
production (Vovers et al. 2017).

2.3.2 Esters

Ethyl acetate is an industrially relevant ester, non-toxic and fully biodegradable (Chan and Su
2008). This bio-solvent is mainly produced by esterification of acetic acid and ethanol in liquid or
vapor phase, acetylation of ethylene, and ethanol dehydrogenation (Santaella et al. 2015).
Yeasts, such as Saccharomyces cerevisiae, Wickerhamomyces anomalus and Kluyveromyces
marxianus can also convert sugar into ethyl acetate (Kruis et al. 2017). Ethyl lactate is widely
used as a green solvent to replace chlorinated hydrocarbons (Pighin et al. 2017). Itis very suitable
and environmental benign for food applications. It is also allowed as pharmaceutical and food
additive by the FDA (Bermejo et al. 2013).

2.3.3 Terpenes

a-Pinene is a bicyclic monoterpene hydrocarbon and is one of the most abundant components in
the essential oils of various plant species (Kim et al. 2018). It has potential for the pharmaceutical,
bioenergy, fine chemistry and flavor industries (Ndongou Moutombi et al. 2018). D-Limonene is a
colorless liquid cyclic terpene extracted from orange peels in orange juice industry. It is widely
accepted for cosmetics and food (Chemat et al. 2012). Finally, p-Cymene is another bio-based
molecule. It is used for the synthesis of p-cresol and fine chemicals for perfumes, fungicides and
pesticides and as a solvent of dyes and varnishes (Lycourghiotis et al. 2018). It can be obtained

for conversion of limonene into p-cymene, also is present in pine trees (Yao et al. 2019).
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2.3.4 Extraction of compounds from agroindustrial by-products using bio-based solvents

The extraction of bioactive compounds from agri-food waste with bio-based solvents have been
applied in a lesser extent than with SCFs. Studies are mainly focused on extraction from algae or
natural resources (not residues) (Bermejo et al. 2013; Villanueva-Bermejo et al. 2017; Ben-
Youssef et al. 2017; de Jesus et al. 2018). Table 5 shows research studies concerning the use
bio-based solvents to extract bioactive compounds from agri-waste.

Bio-based solvents have been used to extract rosmarinic and caffeic acids from basil wastewater
(Pagano et al. 2018), carotenoids and phenols from tomato waste (Strati and Oreopoulou 2011,
2016; El-Malah et al. 2015; Silva et al. 2018), polyphenols, flavonoids, anthocyanins and ellagic
acid from pomegranate peel (Masci et al. 2016), phenolic compounds, flavonoids and sinapine
from seeds of rapeseed, mustard crambe and sunflower (Matth&dus 2002), oil from rice bran (Liu
and Mamidipally 2005) and volatile compounds from Cooperage woods in winemaking (Alafion
et al. 2017). Ethyl lactate and ethyl acetate, sometimes in mixtures with water, have been by far
the most used bio-based solvents. It is usual to employ high temperatures (usually 30-80 °C and
up to 170 °C) and repetitive extractions to reach adequate recovery of bioactives, which is highly
dependent on extraction time and the presence (or not) of auxiliary energy such as microwave or

ultrasound.

Bio-based solvents have been reported to extract bioactive compounds as efficiently (or with
higher efficiency) than conventional organic solvents. In the extraction of rice bran oil, the use of
D-limonene showed superior extraction yield (24.6%) than hexane (18.6%). Similarly, in olive oil
extraction, the use of D-Limonene increase the lipid yield in 8.3% more than hexane (Virot et al.
2008). Yara-Varon et al (2016) also reported that a-pinene and d-limonene extracted more
carotenoids from carrot than n-hexane (95.4, 94.8 and 78.1% respectively). Commonly, energy
assisted-extraction techniques are used for enhancing recoveries. Thus, ultrasound extraction
increased in 9.4% the lycopene yield in tomato pomace with ethyl lactate — ethyl acetate mixtures
(Silva et al. 2018). Also, pressurized liquid extraction was suitable for the extraction of phenolic
compounds from basil waste using mixtures of water (75% v/v) and ethanol or ethyl lactate at 150

°C, with extraction rates up to 93.9 an 99.2% respectively (Pagano et al. 2018).
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Agri-food Solvent Relationship Extraction Bioactive Extraction rate or References
waste Sample(g):solvent conditions compound extraction efficiency
(mL)
Distillation Ethyl lactate : 0.250 g:- not Pressurized liquid Rosmarinic acid 104.1 and 94.2% for (Pagano et
wastewater water 25:75 % v/v  specified extraction, 50 °C, 10 (RA), caffeic acid rosmarinic acid and al. 2018)
of basil MPa, static mode, (CA) caffeic acid, respectively
20 min
Tomato Ethyl lactate and 1:10 30 min, 70°C Carotenoids 243 mg/kg (ethyl (Strati and
waste (skin ethyl acetate lactate) and 46.21 Oreopoulou
and seeds) mg/kg (ethyl acetate) 2011)
Tomato Ethyl lactate 1:10 40 min at 20 °C and  Phenolic 1.4 mg GAE/g (20 °C), (EI-Malah et
waste (skin + 40 min at 60 °C with compounds, 0.5 mg catechin/g (20 al. 2015)
seeds) ultrasound-assisted  flavonoids and °C) and 0.05 mg
extraction lycopene lycopene /g (60 °C)
Pomegranate Ethyl acetate 1:4 Soxhlet extraction, 6 Phenolic 2.4-3.2 mmol GAE/qg; (Masci et al.
peel h compounds, 0.7 mmol rutin/g;0.05- 2016)
flavonoids, 0.4 pmol cyaniding-3-O-
anthocyanins, glucoside/g;
punicalagings, punicalagings 6.8-7.3
ellagic acid mg/g; ellagic acid 37.7-
63.6 mg/g
Seeds of Ethyl 15 Overnight with Phenolic 26-9.2mgTPC/g, 2.1 (Matthdus
rapeseed, acetate/water shaking+ 45 min compounds, —59.8 mg flavonoids/g 2002)
mustard, (70:30) with ultrasound- flavonoids and and 0 — 60.9 mg
assisted extraction;  sinapine sinapine /g
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Agri-food Solvent Relationship Extraction Bioactive Extraction rate or References
waste Sample(g):solvent conditions compound extraction efficiency
(mL)
crambe and pretreatment for
sunflower defafting with
petroleum benzene
Olive leaves  Glycerol (60% in 1:50 180 min at 60 °C Phenolic 54.3 mg GAE/g (Mourtzinos
water) + 7% w/v compounds et al. 2016)
2-hydroxypropyl -
B-cyclodextrin
Apple Ethyl acetate 1:20 3 times extraction Phenolic ~200 mg GAE/L and (Grigoras et
pomace for 3 s each and compounds, ~150 mg rutin/L al. 2013)
microwave-assisted flavonoids
extraction
Potato peel Ethyl acetate 1:10 30 °C (several Phenolic 44-83 mg GAE/g (Arun et al.
extraction steps) compounds 2015)
Olive leaves  Aqueous glicerol 1:60 80 °C, 165 min Phenolic 51.9 mg GAE/g (Apostolakis
(9.3 wiv) compounds et al. 2014)
Tomato Ethyl lactate + 1:100 20 min at 63.4 °C, Lycopene 1.3mg/g (Silva et al.
pomace 35% v/v ethyl ultrasound-assisted 2018)
acetate extraction
Cooperage Ethyl lactate 1:3 10 min 80 °C in 2- Phenolic 15 mg GAE/g (Alafion et
woods in extraction cycles compounds, ~30 ug/g (volatile al. 2017)
winemaking and pressurized volatile compunds as sum of

liquid extraction

total furanic compounds,
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Agri-food Solvent Relationship Extraction Bioactive Extraction rate or References
waste Sample(g):solvent conditions compound extraction efficiency
(mL)
compounds B-methyl-y-octalactones
(natural flavoring) and terpenes and
norisoprenoids)

Tomeate Ethyl lactate 1:10 30 min at 70 °C Lycopene, 166.4 mg lycopene/kg, (Strati and
peel and carotene, lutein 26.4 mg carotene/kg Oreopoulou
seeds and 10.8 mg lutein/kg 2016)

GAE: gallic acid equivalents
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2.4 Supramolecular solvents (SUPRASS)

Supramolecular solvents (SUPRASs) are nanostructured liquids produced in colloidal
suspensions of amphiphiles by spontaneous, sequential phenomena of self-assembly and
coacervation (Caballo et al. 2017). Coacervation is defined as “the separation into two liquid
phases in colloidal systems. The phase more concentrated in colloid component is the

coacervate, and the other phase is the equilibrium solution” (IUPAC 1997).

These nanostructured liquids have been used for extraction since Watanabe and Tanaka in 1978
developed a method to extract zinc using “a micellar solution of a non-ionic surfactant that
separates in two phases” also known as the cloud point technique (Watanabe and Tanaka 1978).
The name SUPRAS was introduced later, to highlight the differences between these liquid phases
and molecular and ionic solvents, to underline the nanostructures formed by non-covalent
interactions and to emphasize the synthesis process, which is based on amphiphile self-assembly

(Ballesteros-Gomez et al. 2018).

The SUPRAS synthesis is made in two steps. First, “an aqueous or organic colloidal suspension
of the amphiphile is prepared above its critical aggregation concentration”. This suspension
contains supramolecular aggregates, typically aqueous or reverse micelles or vesicles
(Ballesteros-Gomez et al. 2018). The formation of these architectures primarily depends on the
packing parameter, which in turn depends of the volume and the length of the hydrophobic

segment and the cross-sectional area of the head group (Liu et al. 2015).

In the second step, the generated nanostructures self-assembly in larger aggregates by the action
of an external stimulus (coacervating agent) that diminishes the repulsion among the aggregates
(Sarkar et al. 2018) and separate from the bulk solution as an immiscible liquid via coacervation
(Ballesteros-Gémez et al. 2010, p.; Rezaei et al. 2016). The most used stimulus for the
coacervation are pH, temperature, inorganic and organic salts and poor solvents for the

amphiphile (Ballesteros-Gomez et al. 2018) (See Figure 3).
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Figure 3. SUPRAS sequential formation process by self-assembly and coacervation

Supramolecular solvents have a unique array of physicochemical properties that render them very
attractive to replace conventional organic solvents in extractions (Ballesteros-Gomez et al. 2010).
Thus, SUPRAS offer mixed-mechanisms for solute solubilization and produce high extractions
rates for solutes covering a wide polarity range. Multiple binding interactions are available which
depends on the nature of the amphiphile (Ballesteros-Gémez et al. 2010), and due to its internal
structure, different polarity regions are generated (Ballesteros-Gomez et al. 2018). Another
important characteristic is that they can be tailored to offer programmed characteristics such as
molecular restricted access behavior (Ballesteros-Gémez and Rubio 2012).

SUPRASs have proved high efficiency for the separation, preconcentration, or purification of
organic compounds such as such as polycyclic aromatic hydrocarbons, pesticides, surfactants,
bioactive compounds and dyes (Caballo et al. 2017; Ballesteros-Gomez et al. 2018). In terms of
green chemistry, they are good alternatives to the conventional extraction systems because of

their high performance, low toxicity and low cost (Liu et al. 2007; Santalad et al. 2009; Caballo et
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al. 2017; Ballesteros-Gomez et al. 2018). Furthermore, they are non-volatile and non-flammable
and many amphiphiles are bio-compatible and renewable, such as carboxylic acids and
rhamnolipids. In summary, sustainable and economical SUPRAS-based extraction processes can
be implemented taking into account that the synthesis can be developed with green natural

amphiphiles at low cost and thought energyless processes (Ballesteros-Gomez et al. 2018).

Despite their great potential, only a few studies have been related to the extraction of bioactives
from agroindustrial by-products (Table 6). These studies have focused on the extraction of
polyphenols from wine sludge (Chatzilazarou et al. 2010), betaine from beet molasses
(Mohammadzadeh et al. 2018), saponins from sisal (Agave sisalana) waste (Dias Ribeiro et al.
2015) and anthraquinones from aloe peel (Tan et al. 2012).

The most used amphiphiles were non-ionic surfactants from the Triton X series and the most
employed coacervating agent was the temperature. High recoveries have been reported with
these solvents. Good recoveries have been also obtained with other non-ionic surfactants, such
as those reported by Chatzilazarou et al (2010) (Chatzilazarou et al. 2010).

Thus, recoveries found for phenol from wine sludge were 98.5% using PEG 8000 as amphiphile
(at pH 2.5, 55 °C) in a fast process that took 30 min. On the other hand, Ribeiro et al. (2015) found
that SUPRASSs were superior for extraction of saponins from sisal waste (98.4%) compared to an
ethanolic solution 30% v/v (38.6%) under the same conditions of time (4h), temperature (50 °C)
and sample mass/volume ratio (0.17 g/mL) (Dias Ribeiro et al. 2015). Some authors investigated
the recovery of bioactives from the surfactant rich-phase. Mohammadzadeh et al. (2018)
proposed the recovery of betaine (nearly 100%) extracted from beet molasses from the

surfactant-rich phase with an agqueous phase at pH at 2.5.
The recovery of bioactives from the surfactant-rich phase by a change of pH in aqueous solution

was also proposed by Tan et al. (2012) for the recovery of anthraquinones from aloe peel with an
efficiency of 70%.
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Table 6. Extraction of bioactive compounds from agroindustrial by-products, using supramolecular solvents

Raw material

Amphiphile

External stimulus for
phase separation and

conditions

Bioactive compound

Extraction

efficiency

References

Wine sludge

Genapol X-080,
PEG 8000

Temperature
Conditions: 10mL
sample, NaCl 5%, 10%
v/v of PEG 8000 (pH
3.5, 55 °C, 30 min)

Phenolic compounds

98.5%

(Chatzilazarou et
al. 2010)

Beet molasses

Triton X-114, Triton X-100,
Sodium dodecyl sulfate,
Cetyltrimethyl ammonium

bromide

Temperature
Conditions:surfactant
concentration 0.5%
(w/v), molasses
concentration 27.5%
(w/v), incubation time

20 min, pH 6.1, extraction

time 30 min

Betaine

80%

(Mohammadzadeh
et al. 2018)

Sisal waste

Triton X-100

Temperature and salts
Conditions: ratio
sisal/solvent 0.17 g/mL,
surfactant concentration
7.5% (v/v), sodium
carbonate 20% (m/v), 50

°C, extraction time 4 h

Saponins

89.1%

(Dias Ribeiro et al.
2015)

Aloe peel

Triton X-114

Temperature, acids,

salts

Anthraquinones

96.9%

(Tan et al. 2012)
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Table 6. Extraction of bioactive compounds from agroindustrial by-products, using supramolecular solvents

Raw material Amphiphile

External stimulus for
phase separation and

conditions

Bioactive compound

Extraction

efficiency

References

Conditions: surfactant
concentration 10%
(w/v), NaCl 2.0% (w/v) I,
40° C, pH 3.0, extraction

time 20 min

Optimal amphiphile in bold
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3. Future perspectives

This review aimed to provide an overview of the application of green solvents for the extraction of
different classes of bioactive compounds from agri-food waste, mainly small organic extractable
compounds (phenolic compounds, carotenoids, tocols, among others) and other high-added
value compounds (fermentable sugars, lignin, oils, etc.). Research in this area is increasing in the
last years and constitutes an urgent demand since disposal of agri-waste represents both cost
and potential negative impact on the environment. In general, it can be concluded that if properly
selected, green solvents are able to afford high extraction yields in different agri-food wastes. The
sustainable character and costs associated with the extraction depend on the selected solvent,
the source of bioactive compound, the temperature and processing time and the presence — or

not - of assisted-extraction modes, such as the use of microwave, ultrasound or the use of re-flux.

Despite the efforts made by different authors to develop alternative green solvents and to evaluate
different extraction approaches and conditions, many studies are still based on ionic liquids and
SFCs. However, the use of SCFs is too expensive and the toxicity of ILs is controversial. Bio-
based solvents, natural deep eutectic solvents (NADES) and supramolecular solvents appear to
be a more promising and greener option due to their bio-compatibility and low toxicity. The term
NADES refers to deep eutectic solvents synthetized from natural compounds, i.e. choline chloride,
mixed with natural acids, amines and alcohols (Kumar et al. 2018). For these non-volatile (or
hardly volatile) green solvents, strategies for the recovery or back-extraction and concentration of
bioactives are key for their implementation at industrial scale. However, only few studies

investigate possible procedures.

The evaluation of the economic viability and implementation at industrial scale are necessary to
broaden the applicability for green solvents. The development of cost-effective and more
sustainable extraction and separation processes is the critical step toward the recovery and
commercialization of new and low-cost bioactive products for the nutraceutical, cosmetic, and
pharmaceutical sectors. Research in extraction processes with green solvents needs to take into
account in the near future: (i) the life cycle analysis of their processes and products, (i) processes
able to be scaled-up and (iii) economic analyses of the extraction process, solvent, and material

costs.
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Abstract

In this study, we assess the potential of supramolecular solvents (SUPRAS) for valorization
of spent coffee grounds (SCG). SUPRAS, made up of self-assembled amphiphilic
aggregates dispersed in an aqueous or hydro-organic medium, are excellent extractants
that provide multiple binding interactions (hydrogen bonds, dispersion, dipole-dipole, etc.)
and microenvironments of different polarity due to their special internal architecture. In this
work, SUPRAS made up of different amphiphiles (decanoic acid and hexanol) and hydro-
organic media (water-ethanol and water-tetrahydrofuran) were investigated for extraction of
bioactives from SCG. Extraction was optimized from the yield obtained for caffeine and 5-
chlorogenic acid, that were considered as model compounds. Under optimal extraction
conditions, the profile of bioactive compounds in the extracts was screened by liquid
chromatography tandem mass spectrometry and the total phenolic content was estimated.
The antioxidants and antimicrobial properties of the extracts were also evaluated. Bioactive
compounds were extracted from wet SCG up to 3.32 mg.g'and 4.3 mg.g* SCG of caffeine
and chlorogenic acid, respectively. Extracts showed antioxidant capacity by different assays
(DPPH, TEAC, FRAP) in accordance with their high total phenolic content (60.1 mg CGA
per mg of extracted dry SCG). SUPRAS offered advantages in terms of rapidity (extraction
for 1 min) and simplicity (the process involved stirring and centrifugation at room
temperature), thus avoiding costly processes based on high pressure and temperature.
Furthermore, SUPRAS extracts exhibited certain degree of antimicrobial effects against, S.

aureus and B. cereus and a high effect against S. enterica and P. putida.

Keywords: supramolecular solvents; spent coffee grounds; bioactive compounds;

valorization
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1. Introduction

The agricultural world production is continuously increasing as a result of the rising global
demand for food and generates billion tons of by-products each year [1]. There is a growing
interest in the recovery of bioactive compounds from agro-waste for application in functional
foods and nutraceutical formulations [2]. The coffee industry alone generates about 2 billion
tons of agro-waste, which represent a great pollution hazard [3]. Coffee pulp, husks,
silverskin, peel and spend coffee grounds are common coffee by-products [4] and have been
reported of interest as substrates for mushroom cultivation [5], immobilization of enzymes
[6], production of bioethanol [7] composting [8], and extraction of bioactive compounds [9—
11].

Spent coffee grounds (SCG), a high humidity residue (up to ~80%) obtained in coffee
beverage preparation and instant coffee manufacturing, is the most abundant coffee by-
product (45-50%) [12,13]. SCG is produced at a rate of 6 million tons a year [12]. Valorization
of coffee by-products through the recovery of bioactives, particularly alkaloids and
polyphenols, has increasingly become of interest for food, pharmaceutical and cosmetic
industries [13—-16]. The major alkaloid in coffee by-products is caffeine, which shows anti-
inflammatory and immunosuppressant effects [16]. Regarding polyphenols, they include a
broad range of compounds including tannins, flavanols, flavones, anthocyanins,
proanthocyanidins, and phenolic, hydroxybenzoic and hydroxycinnamic acids [17].
Polyphenols have demonstrated antioxidant, anti-bacterial, anti-inflammatory and anti-

carcinogenic activities [13-15].

Extraction of bioactives from SCG has been investigated using different solvents and
techniques, including conventional solid-liquid extraction (SLE) [18,19], supercritical fluid
extraction (SFE), with and without co-solvent [20], Soxhlet extraction [20], and ultrasound
(USAE) [20-22] or microwave (MAE) [21,23] assisted extraction. Extraction efficiencies,
usually given as total phenolic compounds (TPC) and expressed as gallic acid (GAE) or
chlorogenic acid (CAE) equivalents [24], are highly dependent on the type of solvent, the
solvent/solid ratio, the number of extraction steps and the extraction time and temperature,
among others factors [15]. Extractions have been carried out using polar (e.g. methanol and
ethanol) and medium or non-polar (e.g. dichloromethane, ethyl acetate, hexane) solvents

[18-20,23], supercritical fluids [20], subcritical water [21], and deep eutectic solvents [22].
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Common conditions for conventional SLE include solvent/solid ratios of around 30-40 mL/g
SCG, extraction temperatures in the range 50-65 °C and extraction times for 1-2 h, which
give extraction efficiencies for TPCs of about 16-18 mg GAE/g SCG [18-20]. Extraction
efficiencies for TPCs in SFE increase in the presence of ethanol as co-solvent (e.g. around
42 mg CAE per gram of extract using 8% ethanol, which is equivalent to ~4 mg CAE/g SCG
taking into account yields of about 10%) [20]. Extraction of phenolic compounds have been
also reported for energy-assisted techniques, namely Soxhlet extraction [20], USAE [20] or
MAE [23]. Thus, TPCs were in the range 119-167 mg CAE/g extract (18-22 mg CAE/g SCG;
extraction yields 12-15%) with Soxhlet extraction using solvents of different polarity, solvent
/solid ratios of 30, and 6 h of extraction at the boiling temperature of the solvent [20].
Likewise, the application of USAE for 2 h, at room temperature and solvent/solid ratios of
30, permitted to achieve extraction efficiencies for TPCs in the range of 221-588 mg CAE/g
extract (21.9-71.7 mg CAE/g SCG,; extraction yields 10-12%) [20]. Application of MAE was
also assessed; it provided up to 399 mg GAE/g extract (21.5 mg/g SCG,; extraction yield 5.4)
with 40 s of irradiation and a solvent/solid ratio of 9 [23]. All these figures indicate that SCG
is a valuable source for bioactives and that further research should be intended to reduce

extraction efforts in order to make their valorization simpler and more cost-effective.

In this paper, we propose for the first time the use of supramolecular solvents (SUPRASS)
for the extraction of bioactives from SCG. SUPRASs are nanostructured liquids
spontaneously produced in colloidal suspensions of amphiphiles through a bottom-up
approach based on sequential self-assembly phenomena [25,26]. The synthesis is made by
a simple two-step process. First, amphiphiles spontaneously assemble into three-
dimensional individual aggregates (mainly micelles and/or vesicles). The second stage
generates a new highly packed phase by the assembly of the aggregates into a nano or
microestructured liquid (SUPRAS phase). This second phase is triggered by an external
stimuli such pH or temperature changes, addition of salt or addition of a poor solvent for the
amphiphile, which diminishes the repulsion among the aggregates and promotes their
assembly [25]. The SUPRAS phase remains in equilibrium with the bulk solution, which
contains the amphiphile at the critical aggregation concentration. SUPRAS can be collected
and stored if required (keeping its structure and properties) for application to solid samples
or applied together with the equilibrium solution, which acts as a wetting and dispersion

phase for the matrix [27].
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The capability of SUPRASS for developing efficient processes for extraction of bioactives is
based on the presence of different polarity microenvironments into their ordered structures,
the high concentration of amphiphiles make up them (up to 1 mg/uL), and the possibility of
producing tailored SUPRASs by selection of the amphiphile or the environment for self-
assembly [28]. Thus, SUPRASSs are able to efficiently extract compounds spanning a wide
polarity range using low solvent/solid ratios [27]. On the other hand, SUPRASs with
restricted access properties (SUPRAS-RAM) have been reported that permit the extraction
of low molecular weight compounds while excluding macromolecules [29]. These properties
have allowed the development of innovative strategies for sample preparation in the
determination of organic contaminants and metals in food, the environment and biological
fluids [25,26]. More recently, SUPRASs have also proved promising for the extraction of

bioactives from microalgae [30] and the removal of contaminants in wastewater [31].

The suitability of SUPRASSs for the extraction of bioactives from SCG obtained by the drip
filter method was here explored. For this purpose, two types of SUPRASS, synthesized from
decanoic acid [32] and hexanol [33] in hydro-organic media (water and ethanol or
tetrahydrofuran) were investigated. Extraction efficiencies were evaluated by monitoring
caffeine and chlorogenic acid, two major representatives of alkaloids and polyphenoals,
respectively. Under the optimized conditions, the SUPRAS extracts were further analysed
to identify the main bioactives, to estimate their total phenolic content and evaluate their
antioxidant and antimicrobial properties. Below, the more relevant results are presented and

discussed.

2. Materials and methods

2.1 Chemicals

Caffeine (1,3,7-trimethylxantine, HPLC grade), 5-chlorogenic acid (5-O-Caffeoylquinic acid,
5-CGA, 98%), (¥)-6-hydroxy-2,5,7,8-tetramethyl-chroman-2-carboxylic acid (98,1%, Trolox),
2,2 -azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 2,2 diphenyl-1-picrylhydrazyl
(DPPH), decanoic acid (98%), ethanol (HPLC grade), methanol (99,9%), 2,3,5-
triphenyltetrazolium chloride (TTC), glacial acetic acid and tetrahydrofuran (HPLC grade)
were purchased from Sigma—Aldrich Co. (St. Louis, USA). 1-hexanol (98%), hydrochloric
acid (37%), and 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ) were supplied by Merck (Darmstadt,
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Germany). Potassium persulfate was purchased from Panreac (Barcelona, Spain), ferric
chloride from Carlo Erba (Val-de-Reuil, France) and potassium acetate (99,4%) from JT
Baker (Madrid, Spain). All chemicals were analytical reagent-grade and were used as
supplied. Pure water was prepared using a Milli-Q, Ultrapure water purification system
equipped with a 0.22-um filter (MA, USA).

Three reagents were prepared for evaluation of the antioxidant capacity of SUPRAS extracts
containing coffee bioactives. The DPPH reagent was freshly prepared by dissolving 1 mg of
DPPH in 50 mL of methanol and diluted with methanol to give an absorbance of 1.057+0.005
at 529 nm. It was kept in the dark at room temperature when not used. The ABTS* radical
reagent was freshly prepared by dissolving 97 mg of ABTS and 16.5 mg of potassium
persulfate in 25 mL of distilled water and keeping the solution for 16 hours under dark. Then,
it was diluted with ethanol to yield an absorbance of 0.635+0.005 at 732 nm. The reagent
FRAP (ferric reducing antioxidant power) was prepared by the mixing of three solutions in a
thermostatic bath at 35 °C; 250 mL of acetic acid/acetate buffer (40 mM, pH 3.6), 2.5 mL of
an aqueous solution of ferric chloride (20 mM) and 2.5 mL of TPTZ (10 mM) in 40 mM HCI.

The absorbance of the reagent solution was 0.107+0.005 at 595 nm.

2.2 Apparatus

A high-performance liquid chromatograph (HPLC) coupled to a UV Detector (Shimadzu,
Japan) was employed for the quantification of caffeine and 5-CGA. The stationary phase
was an Ultra Cg column (5 pm particle size, 150 mm length, 4.6 mm i.d.) from Restek
(France). All data were acquired and processed using the LabSolutions Software
(Shimadzu, Japan). For the target screening of bioactive compounds in SUPRAS extracts
under optimal conditions (section 2.5) we performed LC-MS/MS analysis. The equipment
consisted in an Agilent Technologies 1200 LC system with a column ACE 3 C18-PFP
column (3 mm i.d., 150 mm length, 3.0 pm particle size) preceded by a precolumn
Phenomenex KJ 0-4282 Security Guard Cartridge Kit, Ea. The detector was an Agilent
Technologies 6420 Triple Quadrupole mass spectrometer equipped with an electrospray
ionization (ESI) source operating in negative and positive modes. Raw data were controlled
and processed using Agilent MassHunter Software® (version B.07.00). Other
instrumentation used for sample preparation were a vortex-shaker REAX Top (Heidolph,

Schwabach, Germany) and a 12 x 1.5 — 2 mL angle rotor Minicen centrifuge from Ortoalresa
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(Madrid, Spain). Optimization of the extraction of coffee byproducts was carried out in 2 mL-
microtubes Safe-Lock from Eppendorf Iberica (Madrid, Spain). A vortex shaker from
Vorterex (Heathrow Scientific, Vernon Hills, IL, USA) with an attachment for 4 tubes, and a
high-speed brushless centrifuge BX 24 (Unico, USA) were used for sample preparation.
Antimicrobial activity was evaluated in a laminar flow cabinet Physis (AirFlux, Malasya).

2.3 Spent coffee grounds

Spent coffee grounds (SCG) were obtained from a drip filter brewing method consisting in
flowing water at 92-96 °C through a ground coffee bed so that the extract drips from the
brewing chamber into the pot. The coffee used in all the experiments was the variety Castillo
produced in Circasia (Colombia). The water content in the SCG was 74.0+0.8%. SCG

samples were not dried and immediately processed or stored at -18 °C.

2.4. SUPRAS production

SUPRASSs of different composition were produced by adding ultrapure water to a colloidal
suspension of decanoic acid or hexanol in THF or ethanol (total volume of the mixture: 2
mL). Under addition of water, the decanoic acid or hexanol aggregates in the colloidal
suspension gave spontaneously oily droplets that associated as clusters and finally
separated from the bulk solution as a new liquid phase named SUPRAS. The whole solution,
containing both the SUPRAS (at the top) and the hydro-organic equilibrium solution, was
added to the SCG. Figure 1 shows a schematic of the general procedure followed for
SUPRAS production.

2.5 SUPRAS-based extraction of bioactives from SCG

The following variables were considered for the optimization of SUPRAS-based extraction
of bioactives from SCG: (a) type of organic solvent used to produce the colloidal suspension
(ethanol or THF); (b) type of amphiphile (decanoic acid or hexanol) making up the SUPRAS,;
(c) amphiphile concentration in the SUPRAS synthetic solution (8, 16 and 24 % v/v), and
(d) organic solvent concentration in the SUPRAS synthetic solution (20, 30 and 40 %
v/v). The extraction of bioactives was performed by adding 0.35 g of wet SCG to the

SUPRAS synthetic solution (see section 2.4) in polypropylene centrifuge microtubes. The
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composition of the SUPRAS synthetic solution was varied as follows: hexanol or decanoic
acid (66-574 L), ethanol or THF (176-1024 uL) and distilled water (656-1560 pL). The
sample size was kept constant at 0.35 g to ensure good sample dispersibility at the SUPRAS
volume/sample size ratio that was set for the laboratory scale. The mixtures were vortex-
shaken for 1 min at 3,000 rpm for the extraction of bioactives and then centrifuged for 20
minutes at 4,519 g to accelerate the separation of SUPRAS from the bulk equilibrium phase
(in the middle) and precipitate (at the bottom). The volume of SUPRAS was measured using
a digital caliper [33]. The volume of SUPRAS produced varies under different synthetic
conditions (usually increasing with the concentration of both the amphiphile and the organic
solvent) and consequently this affects concentration factors (ratio of SUPRAS
volume/sample size). SUPRAS volumes varied in the range 61 — 1476 pL under the tested
conditions. Experiments were done in triplicate. Figure 1 shows a schematic picture of the

SUPRAS extraction procedure.

1. SUPRAS PRODUCTION

SUPRAS inverse hexagonal internal structure

. ]

A

N~ - |
Colloidal suspension of amphiphile
(inverse micelles in etanol orTHF)

SUPRAS+ EqS = 2mL

Equilibrium
Solution (EgS)
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2. SUPRAS EXTRACTION
Vortex shaken
(1 min, 3,000 rpm)
T Sy Bioactive-rich

) Centrifugation
(20 min, 4,519 g) SUPRAS SUPRAS extract

% > [
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y

Figure 1. Schematic picture of SUPRAS production and SUPRAS-based extraction of
SCGs

The final optimal SUPRAS synthesis conditions were 24% v/v hexanol and 30% v/v ethanol.
The average SUPRAS volume was 980+10 pL (2.8 mL SUPRAS/g wet SCG). These
conditions were finally tested for identification of bioactives, estimation of the total phenolic

content and antioxidant and antimicrobial activity
2.6 Analysis of caffeine and chlorogenic acid by HPLC-UV

Caffeine and 5-CGA acid contents in the SUPRAS extracts were determined by HPLC-UV.
The detector wavelength was set at 254 nm. The mobile phase consisted of 69.9% v/v of
water, 30% v/v of methanol and 0.1% v/v of acetic in isocratic mode. The flow rate was set
at 0.6 mL min*? and the sample injection volume was 20 pL. Quantitative analysis was
conducted by external calibration using standard solutions of caffeine and 5-CGA prepared

in ultrapure water in the concentration range of 5 — 100 ug L.

2.7 Profile of bioactive compounds in SUPRAS extracts by HPLC-MS/MS and estimation of

total phenolic content

The presence of the main bioactives compounds present in SUPRAS extracts under optimal

conditions (section 2.5.) was confirmed by target screening with LC-MS/MS experiments.
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The mobile phase was made up of Milli-Q water with 0.1% acetic acid (A) and
MeOH:Acetonitrile 50:50 v/v (B) at a flow rate of 0.3 mL-mint. The injection volume was 5
pL. The gradient was as follow: initial 5% B hold for 0.1 min, linear gradient to 30% B in 25
min and to 40% B in the next 10 min. Finally, B was increased to 100% at 35.1 min and
maintained for 10 min to remove possible hydrophobic compounds form the column. The
column was re-conditioned for 10 min before injection. The MRM transitions for target
masses of the bioactives identified in SUPRAS extracts are given in Table 1. The MS
parameters were: fragmentor 100 V, collision energy 15 eV, cell accelerator voltage 4 V,
dwell 20 ms. Source parameters were: gas temperature, 350°C; gas flow, 12 L-min?;
nebulizer gas pressure, 30 psi; capillary voltage, -4000 V. Total phenolic content was
estimated from the sum of chromatographic peaks of the identified phenolic compounds with

external calibration against 5-CGA, due to the lack of authentic standards for all of them.
2.8 Antioxidant activity assays

The antioxidant activity of the SUPRAS extracts obtained under the optimal conditions
specified in section 2.5 was evaluated by the DPPH, TEAC [34] and FRAP [35] methods.
Control assays with Trolox were run in parallel for TEAC. The decrease of the absorbance
of the reagent solutions, measured as inhibition, was calculated from the following equation
[34]:

Absy — Abss
_ %

100
Abs,

%inhibition =

where Abs, is the absorbance of DPPH, ABTS* or FRAP reagent solution at time zero and
Absg is the absorbance of the reagent in the presence of the bioactive coffee compounds

at 30 minutes of reaction (as mentioned below).

2.8.1 DPPH radical scavenging assay

Aliquots of 100 pyL of SUPRAS (previously diluted in 1:10 with methanol) or methanol as
blank were mixed with 2 mL of DPPH solution. The mixture was vortexed for a minute and
placed in the dark for 30 min. Finally, the absorbance of the mixture was measured at 529

nm. The final concentration of extract tested was ~4.1 mg SUPRAS extract /mL.

121



CAPITULO Il

2.8.2 Trolox equivalent antioxidant capacity (TEAC) assay

The assays were made by mixing 50 pL of methanol as blank or SUPRAS extracts
(previously diluted in 1:10 with methanol) and 1450 pL of the free radical ABTS" stock
solution prepared as indicated in section 2.1. The mixture was vortexed for a minute and
placed in the dark for 30 min. The absorbance was measured at 732 nm and the percentage
of inhibition was referred to TEAC. The final concentration of extract tested was 2.7 mg
SUPRAS extract/mL.

2.8.3 Ferric reducing antioxidant potential (FRAP) assay

Aliquots of 30 pL of SUPRAS extracts (previously diluted in 1:10 with methanol) or methanol
as blank, 90 pL of water and 900 L of the FRAP reagent were mixed and incubated during
30 minutes at 37 °C. The absorbance was measured at 595 nm. The final concentration of

extract tested was 2.5 mg SUPRAS extract/mL.

2.9 Antimicrobial susceptibility testing method

The colorimetric broth microdilution method with 2,3-diphenyl-5-thienyl-(2)-tetrazolium
chloride (TTC) [36,37] was used to determine the lowest concentration of the assayed
antimicrobial agent (minimal inhibitory concentration, MIC). Suspensions of S.
enterica (ATCC 0363),S. aureus (ATCC 0496), P. putida (ATCC 49128) and B.
cereus (ATCC 14579) were growth at 37°C in Tryptic Soy broth (TSB) until a concentration
of 10° colonies forming units (cfu)/mL was reached. Initially, 100 pL of TSB with 1% of TTC
(indicator of metabolic activity) were added in each well of a sterile 96-well microplate
followed by 100 uL of SUPRAS extracts (undiluted and diluted at 1:10 and 1:100 with distilled
water). Finally, 100 uL of the previously standardized microorganisms were inoculated. Final
extract concentrations were 287, 28.7 and 2.87 mg SUPRAS extract/mL. After incubating
for 24 hours, a color change in the wells was observed and those showing microbial growth

were pink-colored.
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3. Results and discussion

3.1 SUPRAS-based extraction of bioactives from SCG

The ability of SUPRASSs to develop efficient and cost-effective processes for extraction of
bioactives from SCG was evaluated by monitoring the extraction yield for caffeine and
chlorogenic acid (5-CGA), which were selected as model compounds for alkaloids and
polyphenols, respectively. These compounds can establish donor and/or acceptor hydrogen
bonds, and polar and dispersion interactions, so the components making up the SUPRAS
were selected to maximize these types of interactions.

Two amphiphiles (decanoic acid and hexanol) and two hydro-organic media (THF:water and
ethanol:water) were chosen for SUPRAS production. Both, carboxylic acids [32] and
alkanols [29] have been reported to give SUPRASs made up of inverted hexagonal
aggregates where the polar groups surround aqueous cavities and the hydrocarbon chains
disperse in the organic solvent (see schematic in Figure 1). The amphiphile functional
groups (-OH, -COOH) provide hydrogen bonds and polar interactions, while the alkyl chains
give dispersion interactions, so both alkaloids and polyphenols can be solubilized in the
hexagonal nanostructures of the SUPRAS by mixed mode mechanisms, which should
enhance extraction. On the other hand, ethanol and THF, used to produce the colloidal
suspension of the amphiphile, were selected on the basis of their different polarity, which

should also influence the extraction of the target compounds.

Optimization of the SUPRAS-based extraction was carried out according to the procedure
specified in section 2.5. The SCG obtained by the drip filter method were subjected to
extraction as collected (viz. without drying the by-product) in order to reduce costs and speed
up the valorization process. Although bioactives in the SCG were solubilized in the
SUPRAS, the equilibrium solution generated in SUPRAS formation (see Figure 1) was also
used in the extraction process with the aim of facilitating both the dispersion of the SCG and
the SUPRAS extract overflows.

Figures 2 and 3 show the average extraction recoveries obtained for caffeine and 5-CGA,
respectively, when the SCG were subjected to extraction with each of the SUPRAS

investigated. Results are expressed as mg of bioactive per g of dry SCG in order to facilitate
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comparison with previous reported procedures. Each SUPRAS was produced at different
proportions (expressed as volume percentages) of the ternary mixture (viz.
amphiphile:organic solvent:water), which permitted to vary both SUPRAS composition and
volume [29,32]. Thus, increased volume of SUPRAS was obtained by increasing the
concentration of the amphiphile at constant organic solvent/water volume ratios in the
synthesis. On the other hand, increased volume of SUPRAS was obtained by increasing the

organic solvent/water volume ratios in the synthesis at constant amphiphile concentration.
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Figure 2. Extraction rate of caffeine (average of three replicates, relative standard deviation,
RSD: 5-10%) from SCG with SUPRAS synthesized under different percentages of organic
solvent (% v/v ethanol or THF) and amphiphiles (% v/v hexanol or decanoic acid). The optimal
conditions are shown in a different color.

According to the results (Fig. 2 and 3), hexanol was better extractant for both caffeine and
5-CGA than decanoic acid. The stronger hydrogen bonding ability of hexanol over decanoic
acid (which is related to its shorter alkyl chain length) could explain this behavior. In general,
recoveries for both bioactives increased or kept constant as a function of amphiphile
concentration, at least in the range 8-24%, due to the increase of available binding
interactions. Regarding the organic solvent, maximal extraction yields were usually obtained
for 40% of THF and 30% of ethanol, being the recovery slightly greater for ethanol. Since,
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in addition, this solvent is more biocompatible and authorized for use in author industry,

ethanol was selected for the production of the colloidal suspension of hexanol. Hexanol is

also an authorized food additive by FDA and EU (flavouring substance).

The maximum extraction rates of caffeine and of CGA (expressed both in dry weight) were

3.32 £ 0.07 mg g! and 4.3 £ 0.1 mg g?, respectively, by extraction of the SCG with a

SUPRAS obtained from 24% v/v hexanol, 30% v/v ethanol and 46% v/v water. These

extracts were selected as optimal for further characterization of functional properties.
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Figure 3. Extraction rate of 5-CGA (average of three replicates, RSD: 5-10%) from SCG with
SUPRAS synthesized under different percentages of organic solvent (% v/v ethanol or THF)
and amphiphiles (% v/v hexanol or decanoic acid). The optimal conditions are shown in a

different color.

The contents of caffeine and 5-CGA in SCG have been reported to be highly dependent on
the extraction process and the SCG source [13, 38,39]. Caffeine and 5-CGA contents were
previously reported in the ranges 3.59-8.09 mg.g* and 1.18-3.59 mg.g?, respectively, in
freeze-dried SCG from Robusta and Arabica varieties. The extraction procedure involved

the drying of the SCG, the defatting with petroleum ether (1:11, w/v) for 3 h at 60 °C in a

Soxhlet extraction system, the extraction of the SCG residue with water at 90 °C for 6 min
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(16 mL/g SCG) and the freeze-drying of the extract [38], which is not cost-effective for SCG
valorization. The concentration for both caffeine and 5-CGA obtained by the SUPRAS-based
extraction were similar to those previously reported for the drip filter method [38] taking into
account that actual concentrations will be influenced by coffee variety and roasting degree
[39].

Since the optimization was done on the basis of caffeine and 5-CGA only, optimal SUPRAS
extracts were further analysed by LC-MS/MS to confirm the presence of common bioactives
expected in SCG (alkaloids, phenolic compounds and niacin) [40]. Abundant MS peaks
corresponding to n-O-dicaffeoyl quinic acids, n-O-feruloylquinic acids, n-O-caffeoylquinic
acids, n-O-feruloylquinic lactones, n-O-coumaroylquinic acids, n-O-caffeoylshikimic acid, n-
O-caffeoylquinic lactones, caffeine, niacin, trigonelline and N-methylpyridinium were
obtained (Table 1).

Table 1. Polyphenolic compounds, alkaloids and niacin identified in SUPRAS extracts, two

main fragments were monitored for each class according reference [40]

Compound class Abreviation Parent Fragment Fragment Retention aArea Polarity

ion 1 2 times (sum of
peaks)

n-O-Dicaffeoylquinic  n-DCQAs 515 179 135 31.1, 31.8, 43804 -

acids 32.4,35.2

n-O-Feruloylquinic n-FQAs 367 193 191 17.3, 18.4, 118109 -

acids 22.8,23.7

n-O-Caffeoylquinic n-CQAs 353 191 173 13.0, 16.1, 220745 -

acids 17.7,18.5

n-O-Feruloylquinic n-FQLs 349 175 193 26.8,28.9, 829621 -

lactones 30.3, 30.9, 32.8

n-O-Coumaroylquinic  n-CouQAs 337 191 173 21.8,22.2 5273 -

acids

n-O-caffeoylshikimic  n-CSAs 335 179 173 20.6, 23.8 152796 -

acid

n-O-caffeoylquinic n-CQLs 335 135 161 25.3, 26.4 1157812 -

lactones

Trigonelline T 138 92 94 2.2 52738 +

Niacin N 124 106 80 3.2 4776 +

Caffeine C 195 138 17.8 14961897 +

Fig. 4 A and B shows the MRM chromatograms recorded in negative and positive acquisition

modes (only the most abundant isomer of the main classes are labelled).
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Figure 4. LC-(ESI) MS-MS peaks corresponding to the extracted ion chromatograms of
n-O-dicaffeoyl quinic acids, n-O-feruloylquinic acids (n-FQA), n-O-caffeoylquinic acids
(n-CQA), n-O-feruloylquinic lactones (n-FQL), n-O-coumaroylquinic acids (n-CSA), n-O-
caffeoylshikimic acid, n-O-caffeoylquinic lactones (n-CQL), caffeine (C), niacin (N),
trigonelline (T) and N-methylpyridinium (Table 1). Fig. A and B shows the MRM
chromatograms recorded in negative and positive acquisition modes, respectively. Only
the most intense isomers of the most abundant classes are labelled.
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3.2 Functional and microbiological properties of SUPRAS extracts

3.2.1 Total phenolic content (TPC)

Phenolic compounds are the main contributors to the strong antioxidant activity of coffee
brews and processing by-products [39]. The use of HPLC measurements instead of the
standard Folin-Ciocalteu assay has been recommended by different authors to avoid
overestimation due to the presence of reducing sugars, proteins and ascorbic acids, among
others [41,42]. As mentioned before, different isomeric peaks of the major groups of
polyphenolic compounds present in SCG were identified, namely n-O-dicaffeoyl quinic acids
(n=4), n-O-feruloylquinic acids (n=4), n-O-caffeoylquinic acids (n=4, being 5-CGA the most
abundant), n-O-feruloylquinic lactones (n=5), n-O-coumaroylquinic acids (n=2), n-O-
caffeoylshikimic acid (n=2) and n-O-caffeoylquinic lactones (n=2). Their concentration were
estimated by external calibration against 5-CGA due to the lack of authentic standards for

all of them.

The TPC obtained with the SUPRAS extraction at optimal conditions (see section 3.1) was
14,4 £ 0.5 mg CGA/ g wet SCG (equivalent to 60.1 mg CGA per mg of extracted dry SCG).
This value was near the TPC reported for USAE (71.7 mg CAE/g SCG, extraction for 2 h at
room temperature and ethanol/solid ratio of 30) [20], that is, for the best of our knowledge,
the highest reported for SCG. The high extraction efficiency of SUPRAS for phenolic
compounds, the wide variety of phenolics extracted (see Table 1 and Figure 4), and the fact
that samples were immediately processed, without further treatment, could account for the
high TPC value found in our experiments. Values for SUPRAS were higher than those
reported for conventional SLE (16-18 mg GAE/g) [18-20], SFE (-4 mg CAE/g) [20] or
Soxhlet (18-22 mg CAE/g). However, it is known that TPC values depend on variables such
as the roasting process [43], the preparation method (grinding degree or particle size,
coffee:water ratio, water temperature, extraction time, etc.) and the technique followed for
TPC estimation too, so that these factors can also influence results and differences between
reported levels. Some advantages of SUPRAS were the low solvent/solid ratio (11.7 mL/g

dry SCG) and the fact that the extraction was done at room temperature during 1 min.
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3.2.2 Antioxidant activity

SUPRAS extracts, rich in TPC, were further tested for antioxidant activity using three assays
(see section 2.8). The maximum value for the antioxidant capacity (100%) means that the
respective reagent was reduced by the effect of the antioxidants present in the SUPRAS
extract. The antioxidant capacity with DPPH (4.1 mg SUPRAS extract/mL) and FRAP (2.5
mg SUPRAS extract/mL) was 21 + 3% and 68 + 4%, respectively. Values of DPPH
antioxidant capacity have been reported in the range 14.4-93.5% in extracts from dry SCG,
with those techniques enhancing TPC extraction too, such as Soxhlet, USAE and MAE (ECso
concentration values in the range 0.2-1 mg extract/mL) [20,23]. The same Soxhlet and
USAE extracts gave values in the range 160-381 uM TEAC/g extract. [20], while for
SUPRAS a value of 405 + 6 uM TEAC/g extract was measured. These results are in line
with their high TPC content.

3.2.3 Antimicrobial activity

Previous studies have reported that phenolic substances, alkaloids and melanoidins present
in the coffee have antibacterial activity [13]. However, even though the antimicrobial activity
of coffee by-products can be attributed to any of their compounds, some studies suggest
that bacteria are highly sensitive to phenolic acids [44], while other authors report that
caffeine is the cause for the inhibition of growth in gram-negative bacteria, and that

chlorogenic acid is less efficient against S. enterica [45].

The antimicrobial activity of SUPRAS was tested against P. putida, S. enterica, S. areus and
B. cereus. Both P. putida and S. enterica have the ability to form biofilms [46], which is a
strategy developed by bacteria to protect themselves from harmful substances such as
antibiotics. For this reason, multiple studies are conducted to control these microorganisms
in food. S. aureus, can produce different infections such pneumonia [47]. Respect to B.
cereus, it has been reported to produce five enterotoxins and one emetic toxin and their
spores are resistant to many processes as low and high temperatures, desiccation,
disinfectant agents, ionization, radiation and ultraviolet light [48]. A priori, the complex
mixture of compounds that could be present in SUPRAS extracts from SCG, could be used

for enhancing functional properties such as antimicrobial activity to be used in the food
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industry as a preservative, extending the shelf life of food, or even in the pharmaceutical

and cosmetic sector.

The minimum inhibitory capacity (MIC), considered as the lowest concentration of SUPRAS
extract that inhibited the growth of the microorganism tested (two gram-positive and two-
gram negative bacteria), were calculated. SUPRAS extracts showed antimicrobial activities
toward the growth of the target bacteria at varying degrees of concentrations. Thus, gram-
positive bacteria (B. cereus, S aureus) were found more resistant, with a MIC value of 287
mg SUPRAS extract/mL. On the contrary, gram-negative bacteria (S. enterica, P. putida)
were very sensitive with a MIC value of 2.87 mg SUPRAS extract/mL.

The literature reporting the antibacterial capacity of coffee waste is very scarce. Values
ranged between 5 and 60 mg extract/mL for SCG extracted with subcritical water [21]. In
this study, gram-positive (B. cereus, S. aureus) and gram-negative (E. Coli, S. typhi) bacteria
were tested with methods involving different modifiers and pretreatments. MIC values were
in the ranges 20-40 mg extract/mL for B. cereus, 5 mg extract/mL for S. aureus, 10-20 mg

extract /mL for E. Coli and 20-60 mg extract/mL for S. typhi.

4. Conclusions

This study shows the first insights on the potential of SUPRAS, nanostructured solvents
made up of assembled amphiphile aggregates, for valorization of coffee waste. Results
proved that these solvents offer good extraction capacity of high-added value compounds
from coffee by-products with interest for the food, pharmaceutical and cosmetic industry.
Furthermore, extracts showed antioxidant capacity and antimicrobial effects to gram-
negative bacteria. SUPRAS extraction offer rapid, simple and low cost methods and could
be directly applied to the extraction of bioactives from wet by-products. Given the high
number of biocompatible amphiphiles commercially available, the use of SUPRAS for

agrifood by-product valorization is promising.
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Abstract

The potential of supramolecular solvents (SUPRAS) is investigated for the extraction of
bioactive compounds from coffee cherry pulp, one of the major by-products generated in the
coffee industry. SUPRAS made up of hexagonal inverted aggregates of octanoic acid in
ethanol:water mixtures provided good extraction yields for bioactives (3.6+£0.3 mg caffeine
g? and 0.9+0.1 mg protocatechuic acid g*) at a low solvent:sample ratio of 4:1 v/w and
under mild operations conditions (5 min extraction at room temperature). SUPRAS-based
extraction was optimized and extracts were analyzed to identify the main phenolic and
alkaloid compounds. A variety of bioactives were present and extracts showed high
antioxidant capacity by different assays (45% for DPPH and 91% for ABTS). Extraction
efficiencies with SUPRAS were clearly superior than those obtained with organic solvents

commonly used for valorization of coffee residues.

Keywords: supramolecular solvents; coffee cherry pulp; bioactive compounds; valorization

1. Introduction

Coffee is the most popular beverage with a production of over 9 billion kg of beans per year
and it is cultivated in around 70 countries (International Coffee Organization, 2017). Coffee
berries contain the beans surrounded by different layers: first the silverskin, then the
parchment, the mucilage, the pulp and finally the skin (Esquivel and Jiménez, 2012). During
the dry process, coffee cherries are sun-dried and then they are dehusked to remove the
skin, the pulp, the mucilage, the parchment and part of the silverskin (Esquivel and Jiménez,
2012). These by-products are known as coffee husks. In the wet and semi-wet processes,
after separating ripened from unripe berries with water, fruits are de-pulped to remove the

skin and the pulp. The by-product or waste that is generated at this step is known as coffee
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cherry pulp or coffee pulp (Murthy and Madhava Naidu, 2012; Pandey et al., 2000). In the
wet process, the beans are further fermented to remove the mucilage and the remaining
pulp, then dehusked and finally dried. After any of these three processes, the beans are
roasted and generate as by-product the silverskin. Considering that each 100 kg of mature
fruits are composed by around 39 kg of pulp, 22 kg of mucilage and 39 kg of parchment
coffee, it is easily concluded that the amount of residues generated is extremely high (Alves
et al. 2017). Finally, spent-coffee grounds are generated during the production of instant
coffee and coffee brewing (Kovalcik et al. 2018).

In coffee producing countries, the unsafe disposal of the corresponding wastes has a
negative impact on the environment due to their high concentration in caffeine, polyphenols
and tannins and high acidity (Murthy and Naidu, 2012). The large-scale management of
coffee waste is still challenging. A very attractive strategy is its valorization to obtain benefits
as compost, fuel, animal feed, bio-solvents or bioactive compounds, among others.
Bioactive compounds obtained from coffee by-products are mainly alkaloids, melanoidins
and polyphenolic compounds that exert beneficial antioxidant, anti-bacterial or anti-fungal
effects of interest for the food, pharmaceutical and cosmetic industries (BelS¢ak-Cvitanovi¢
and Komes, 2017; Esquivel and Jiménez, 2012; Galanakis, 2015; Janissen and Huynh,
2018; Rodrigues et al., 2017).

Extraction of bioactives from coffee by-products has been investigated using different
solvents and techniques. Moderate polar solvents are usually employed, such as methanol,
ethanol or isopropanol, sometimes mixed with water (up to 40% v/v) under typical sample
to solvent ratios in the range 1:10-1:100 v/w. Supercritical fluids (Andrade et al., 2012),
subcritical water (Getachew and Chun, 2017), and deep eutectic solvents (Yoo et al., 2018)
have been also used. Techniques include conventional solid-liquid extraction (Mussatto et
al., 2011; Zuorro and Lavecchia, 2012), Soxhlet extraction (Murthy et al., 2012), supercritical
fluid extraction (SFE) with and without co-solvent (Andrade et al., 2012), ultrasound (USAE)
(Andrade et al., 2012; Getachew and Chun, 2017; Yoo et al., 2018) and microwave assisted
extraction (MAE) (Getachew and Chun, 2017; Pavlovi¢ et al., 2013). Spent coffee grounds
have been the most investigated coffee waste for the extraction of bioactives (Kovalcik et
al., 2018) and in a lesser extent coffee husks (Andrade et al., 2012) and coffee silverskin
(Narita and Inouye, 2014). As mentioned above, coffee cherry pulp is one of the main by-

products of the wet processing of coffee (~40% of the coffee is wet processed, Garde et al.
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2017). However, it is still hardly investigated for the extraction of bioactives despite its good

antioxidant properties (Heeger et al., 2017, Murthy et al., 2012).

In this study, we investigate the suitability of supramolecular solvents (SUPRAS) for the
extraction of bioactives from coffee cherry pulp that was obtained by a wet process.
SUPRAS are nanostructured liquids produced spontaneously from colloidal suspensions of
amphiphiles by self-assembly processes (Ballesteros-Gémez et al., 2018; Caballo et al.,
2017). SUPRAS production involves the application of an external stimuli (pH or temperature
change, addition of salt or addition of a poor solvent for the amphiphile) to the colloidal
suspension where the amphiphiles arrange as three-dimensional aggregates, which are
usually normal or inverted micelles or vesicles (Ballesteros-Gomez et al., 2010). The
application of an external stimulus diminishes the repulsion among the polar groups of the
amphiphilic molecules, which causes the growth of the aggregates that finally separate as
a new liquid phase named coacervate or SUPRAS (Ballesteros-Gémez et al., 2018). The
organized structures in the supramolecular phase are held together by intermolecular
interactions, such as ion—ion, ion—dipole, dipole—dipole, hydrogen bonding, T—1T and cation—
1. Although these interactions are weaker than covalent bonds they can produce very stable
assemblies and provide multiple biding forces for extraction, which makes them very efficient
extractants (Caballo et al., 2017; Steed et al., 2007).

SUPRAS are tunable solvents since by changing the environmental conditions and/or the
amphiphile functional group/s is possible to tailor their composition and structure
(Ballesteros-Gomez et al., 2018). Thus, SUPRAS have been designed to exclude proteins
and carbohydrates from extraction by chemical and physical mechanisms, respectively
(Ballesteros-Gémez and Rubio, 2012). These versatile and efficient extraction materials
have proved successful for the recovery of a variety of compounds for analytical purposes
(e.g. PAHs, mycotoxins, perfluorinated compounds, drugs, dyes, etc.) (Ballesteros-Gomez
et al., 2010; Caballo et al., 2017). However, their application to the extraction of bioactives
from biomass or waste is still limited (Salatti-Dorado et al., 2019; Torres-Valenzuela et al,
2019).

Here, we investigate the suitability of SUPRAS produced by the addition of water to colloidal
suspensions of decanoic or octanoic acid in ethanol (Ruiz et al., 2007) for the extraction of

bioactives from coffee cherry pulp. SUPRAS components were selected from Generally
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Recognized As Safe (GRAS) chemicals in order to produce a green and biocompatible
solvent for further application in the development of cosmetics, nutraceuticals or functional
foods. SUPRAS extraction was optimized on the basis of the extraction yields for caffeine
and protocatechuic acid, the two most abundant bioactives in this by-product (Heeger et al.,
2017). SUPRAS extracts were further screened to elucidate the profile of phenolic and
alkaloid compounds and to measure their antioxidant activity.

2. Materials and methods

2.1. Chemicals and solutions

The list of chemicals and solutions is provided in the Supplementary Material (SI).

2.2. Coffee cherry pulp

Coffee cherry pulp was obtained using the wet method by the mechanical peeling of ripe
coffee fruits freshly harvested from an experimental lot located in Armenia City, Colombia
(latitude 4°32’54” north, longitude 75°39’54” west and altitude 1500 MAS). Coffee cheery
pulp was dried to reduce water activity and extend its shelf-life. The process was carried out
at 60 °C during 8 hours, up to reach around 9.5% of water content. Finally, sample size was

reduced by using a coffee mill until obtaining a homogeneous powder (particle size <2 mm).

2.3. SUPRAS production and composition

A variety of SUPRAS were produced by dissolving decanoic or octanoic acid in ethanol and
then adding water (pH ~3) to induce the growth of the aggregates of the amphiphiles. The
volume of the ternary mixture, consisting of variable percentages of ethanol and water and
5% v/v of amphiphile, was 50 mL. The mixture was shaken on a vortex (Vorterex, Heathrow
Scientific, Vernon Hills, IL, USA) for 1 min at 500 rpm and then centrifuged (Mixtasel BLT,
Selecta, Cham, Suiza) for 5 min at 3,000 rpm. The SUPRAS separated as a new liquid top
phase in equilibrium with the bulk solution. Then both phases (SUPRAS and equilibrium
solution, EqS) were independently collected and stored in closed glass containers at room
temperature until use (~20-25 °C, within one week). Figure 1.1 shows a schematic for

SUPRAS production. The composition of each SUPRAS, which is dependent on the
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ethanol:water ratio in the synthetic solution, was determined. The concentration of
amphiphile, water and ethanol in the SUPRAS was calculated as weight percent (w/w, %).
Water content was determined by coloumetric Karl Fischer titration (KF 831 model,
Methrom, Herisau, Switzerland) after proper dilution with methanol. The amphiphile content
was determined by weighting SUPRAS aliquots (~200 L) before and after the evaporation
of water and ethanol. Finally, the ethanol content in the SUPRAS was calculated by weight
difference.

2.4. SUPRAS extraction

Figure 1.2 shows a schematic of the SUPRAS extraction procedure. Extractions were done
in 2 mL-microtubes Safe-Lock (Eppendorf Iberica, Madrid, Spain) by mixing 200 mg of coffee
cherry pulp and variable volumes of the different types of SUPRAS (and corresponding EqS)
that were previously produced as explained in section 2.3. The mixtures were vortex-shaken
at 2,990 rpm for 5 minutes and then centrifuged for 10 minutes at 10,000 rpm. A sequential
design was used to determine significant variables affecting the extraction yields of caffeine
and protocatechuic acid, the two bioactives chosen as models for valorization of coffee
cherry pulp .Variables were optimized by varying each factor at a time because of the
different composition of the SUPRAS that were investigated, which can be considered as
different solvents. First, we investigated the effect of the amphiphile (decanoic acid or
octanoic acid) and of the ethanol concentration employed for SUPRAS formation. Conditions
giving the maximum vyield for both target compounds were selected as optimal. Then we
evaluted the effect of the ratios EqS:SUPRAS v/v and sample:extraction solvent w/v. All the
experiments were carried out at room temperature. For each experiment, results were
presented as meantstandard deviation for three individual extractions. Statistical
comparisons were performed with Minitab software Ver. 18 (Minitab Inc, State College,
Pennsylvania, USA) using one-way analysis of variance (ANOVA) and Tukey's tests (p-
value < 0.05).
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Figure 1. Schematic picture of the SUPRAS production and the extraction of coffee cherry

pulp

2.5. Analysis of bioactive compounds by LC-MS/MS

Caffeine, protocatechuic acid, 5-chlorogenic acid, gallic acid and caffeic acid were quantified
by LC-MS/MS in diluted SUPRAS extracts (dilution with methanol 1:5-1:100 v/v). Calibration
curves were prepared in methanol (0.1-20 mg L). Other common bioactives found in the
extracts were tentatively identified based on characteristic transitions (Table S1) and semi-
quantified against 5-chlorogenic acid (due to the lack of authentic standards): rutin, 5-O-
feruloylquinic acid, 3-O-coumaroylquinic acid, p-coumaric acid, caffeic acid,n-O-dicaffeoyl
quinic acids (three isomers), 4-chlorogenic acid , 3-chlorogenic acid and 4-O-feruloylquinic
acid. Quantification and target screening of bioactives was carried out by LC-MS/MS

(conditions specified in Sl).

2.6. Antioxidant activity assays

SUPRAS extracts obtained under optimal conditions (200 mg of coffee peel, 670 uL of
SUPRAS and 130 uL of EgS) were tested for the evaluation of the antioxidant activity by the
DPPH and ABTS assays. The inhibition percentage (or antioxidant capacity) was calculated
(Régnier et al., 2015). For the DPPH assay, SUPRAS (blanks or extracts diluted 1:0 to
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1:1000 v/v in methanol) were mixed with 250 uL of DPPH solution. The absorbance of the
mixture was measured at 517 nm at 20 second-intervals during 20 min in a multilabel plate
reader Victor 3 1420 (Perkin Elmer, Waltham, Massachusetts, USA). For the Trolox
equivalent (TE) antioxidant capacity assay, the ABTS** radical cation was produced as
described in SI. The assays were run by mixing 66 pL of Trolox (0, 10, 30, 50 and 70 uM
diluted in methanol) or of SUPRAS (blanks or extracts diluted 1:0 at 1:1000 v/v in methanol)
with 154 uL of ABTS** solution. The absorbance of the mixture was measured at 732 nm at
40 second-intervals for 60 min and the percentage of inhibition expressed as TEAC (Apak
et al., 2013).

3. Results and discussion

3.1. SUPRAS production and composition

SUPRAS of different composition were prepared from ternary mixtures of octanoic or
decanoic acid, ethanol and water. Alkyl carboxylic acids have been previously reported to
produce SUPRAS in hydro-organic media (Ruiz et al., 2007), being tetrahydrofuran:water
the mixture more used for analytical purposes (Ballesteros-Gomez et al., 2018). These
amphiphiles give inverted micelles in water-miscible organic solvents (e.g. THF, acetone,
dioxane, propanol, butanol, acetonitrile, etc.) and the addition of water (a “poor solvent” for
the amphiphile) triggers the assembly of the aggregates into the SUPRAS, a new highly
packed phase with an inverted hexagonal arrangement (Figure 1.1). In this structure, the
carboxylic groups surround agueous cavities while the hydrocarbon chains are dispersed in
the organic solvent. The SUPRAS is in equilibrium with a hydro-organic solution (EgS)
containing the amphiphile at the critical aggregation concentration. Both the SUPRAS and
the EqS are immiscible. In this paper, a mixture of ethanol:water was selected for the
production of SUPRAS. Ethanol was selected against THF because of its lower toxicity.
Indeed, ethanol, decanoic and octanoic acid are authorized food ingredients. These
carboxylic acids were selected because they usually provide better extraction yields and
they also form SUPRAS in a wider range of conditions than acids with higher and lower

hydrocarbon chain length (Ballesteros-Gomez et al., 2018).

Table 1 shows the composition of the SUPRAS that were produced by mixing octanoic or

decanoic acid (5% v/v) with variable volume ratios of ethanol and water. These ratios were
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determined by the minimal and the maximal percentage of organic solvent required to form
decanoic and octanic acid-based SUPRAS (Ruiz et al., 2007). The volume percentages of
ethanol varied in the intervals 9.5-33 % and 19-38% for octanoic and decanoic acid,
respectively. As shown in Table 1, the concentration of amphiphile in the SUPRAS was very
high. So, SUPRAS contained a huge number of binding sites for bioactives. This should
enable the efficient extraction of the target compounds even at low SUPRAS/coffee pulp

ratios.

Table 1. Chemical composition of SUPRAS obtained from different ternary
mixtures of amphiphile:ethanol:water (%, v/v). The optimal SUPRAS is shown in

bold.
Chemical composition of the SUPRAS
synthetic solution (%, v/v) Chemical composition (%, v/v)

Amphiphile Ethanol Water Amphiphile Ethanol Water
o 5 9.5 85.5 89+1 5+1 55+0.3
% 3 5 19 76 76+1 147+02 9.7+04
5 ®© 5 24 71 67+1 21+1 12.3+0.3
© 5 33 62 45+ 2 32+2 23.2+04
o 5 19 76 8311 11+1 6.05 + 0.07
% 3 5 24 71 75.7£ 0.2 16.1+0.1 8.1+0.1
g® 5 33 62 50.9+0.5 256+05 144+0.2
= 5 38 57 48.2+0.6 327+0.7 19+#1

The concentration of water and ethanol in the SUPRAS increased as the percentage of
ethanol did in the synthetic solution (r-Pearson = 0.95-0.98 and 0.990-0.995, for water and
ethanol with octanoic and decanoic acid, respectively), while the concentration of amphiphile
decreased accordingly (r-Pearson = -0.95-(-0.98) and -0.986-(-0.995) with octanoic and
decanoic acid, respectively). So, these SUPRAS can be considered as environment-
responsive (Ballesteros-Gémez and Rubio, 2012). Accordingly, SUPRAS composition can
be tailored by adequate selection of the composition of the synthetic solution (Table 1).
Likewise, as water is progressively incorporated into the SUPRAS, the size of the aqueous
cavities of the hexagonal aggregates increases and this behavior opens the door to the use
of these SUPRAS as restricted access liquids (Ballesteros-Gomez and Rubio, 2012). Thus,
exclusion of polar macromolecules (e.g. polysaccharides), takes place by size-exclusion
mechanisms due to the small pores of the SUPRAS network. On the other hand, proteins

precipitate owing to the decrease of the dielectric constant and the formation of
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macromolecular complexes with carboxylic acids. In this way, SUPRAS will extract

bioactives and simultaneously exclude major matrix components in coffee cherry pulp.

3.2. SUPRAS-based extraction of bioactives from coffee pulp

Optimization was carried out following the procedure specified in section 2.4 (see also
Figure 1.2) and considering the extraction efficiency obtained for caffeine and
protocatechuic acid. These bioactives were expected to be solubilized in the SUPRAS by
mixed-mode mechanisms, namely dispersion interactions with the hydrocarbon chains and

hydrogen bonds with the carboxylic groups.

First, we investigated the influence of the composition of the eight synthesized SUPRAS
(Table 1) on the extraction yields of the target bioactives. For this purpose, both the SUPRAS
and EQS, which are immiscible, were added to the sample at a ratio of 1:1:2
sample:SUPRAS:EQS, g:mL:mL. The role of the EqS was to favor the wetting and
dispersibility of the sample. Figure 2 shows the results expressed as a function of the
percentage of ethanol used in the synthesis of the SUPRAS. Statistical operations including
ANOVA table and results of Tukey's tests are shown in Tables S2 and S3 of Supplementary
Information.The maximal extraction yields (i.e. around 1.6 mg/g caffeine and 0.39 mg/g
protocatechuic acid) were not significantly different for the octanoic and decanoic acid.
However, the optimal conditions were achieved at different synthetic conditions (at 33-38%
and at 24% of ethanol for decanoic and octanoic acid, respectively).
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1.60 - L I
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©1.20
© 1.00 -
S 0.80 - I
(&S]
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€040 -
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0.00 L

9.5 19.0 24.0 33.0 38.0
% v/v ethanol (in SUPRAS synthesis)
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Figure 2. Extraction yields of caffeine and protocatechuic acid as mean +* standard
deviation (n=3). Significant differences are indicated by different letters on the top of the
bars (Tukey tests). Extraction of coffee cherry pulp (200 mg) with SUPRAS (400 uL) and

corresponding EQS (800 L) produced by mixing decanoic or octanoic acid in
ethanol:water mixtures according to the conditions specified in Table 1. Percentages of
ethanol on the X-axis represent the concentrations of this solvent in the synthetic
solution.

Regarding the composition of these optimal SUPRAS, the decanoic acid-based SUPRAS
had a higher ethanol (25.6-32.7%) and water (14.4-19%) contents compared to the octanoic
acid-based SUPRAS (i.e. 21% of ethanol and 12.3% of water) (see Table 1). This different
behavior can be qualitatively interpreted as follows: the two binding forces driving the
extraction of the target bioactives (hydrogen bonding and dispersion) decrease and
increase, respectively, with increasing length of the hydrocarbon chain (Burke, 1984). Short-
chain carboxylic acids are better proton donors than longer carboxylic acids. So, considering
the high polarity of the target bioactives (log Kow -0.07 for caffeine and 0.86 for
protocatechuic acid, source: DrugBank) and the number of hydrogen bonds acceptors (3 for
caffeine and 4 for protocatechuic acid), it is reasonable to assume that extraction will be
favored with SUPRAS made up of octanoic acid, because stronger hydrogen bonds can be
established. In the case of SUPRAS synthesized from decanoic acid, more water and
ethanol were necessary, particularly for caffeine, to increase hydrogen bonding. In fact,
recoveries for the target bioactives were highly correlated with SUPRAS water content (r-
Pearson 0.96 and 0.97 for caffeine and protocatechuic acid, respectively for decanoic acid-
based SUPRAS). Overall, maximum extraction of bioactives at the lowest consumption of
ethanol (cost-benefit ratio taking into account that similar prices are expected for food grade

natural octanoic and decanoic acids), was found with SUPRAS made up from 5% v/v of
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octanoic acid, 24% v/v of ethanol and 71 % v/v of water. These conditions were selected as

optimal for further studies.

Secondly, we optimized the influence of the ratio SUPRAS:EQS. For this aim, extractions
were carried out with a total volume of 1.2 mL of SUPRAS+EQS and the content of the
SUPRAS phase varied from 33 to 100%. Results are shown in Figure 3 and the
corresponding statistical operations including ANOVA table and results of Tukey's tests are
shown in Tables S4 and S5. The results clearly show that extraction yields increased as the
SUPRAS phase did, especially for caffeine, a highly polar compound that partitioned
between the SUPRAS and the EqS. Lower losses of protocatechuic acid were observed in
the EgS due to its lower polarity. Maximum extraction efficiencies for both bioactives were
reached for extractant phases containing 83% and 100% of SUPRAS, so these phases were

selected for further studies.
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Figure 3. Extraction yields of caffeine and protocatechuic acid as mean + standard
deviation (n=3). Significant differences are indicated by different letters on the top of the
bars (Tukey tests). Extraction of coffee cherry pulp (200 mg) using an extractant phase

consisting in SUPRAS + EQS. The content of the SUPRAS phase varied from 33 to
100% and the volume of the extractant phase was 1.2 mL. The ratio solvent to sample
was 6:1 viw. SUPRAS synthesis conditions: octanoic acid 5% v/v, ethanol 24 % v/v and

water 71% v/v.
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Next, we studied the sample:extractant phase ratios (mg:mL) in the range 1:3 to 1:6. For
this purpose, the amount of sample was kept constant (i.e. 200 mg) and the volume of the
extractant phase varied from 0.6 to 1.2 mL. As can be seen in Figure 4 (see also Tables S6
and S7 for Tukey tests), not significant differences were found in the extraction efficiencies
for both bioactives in the whole interval for SUPRAS:EQS and in the interval 1:4.5-1:6 for
SUPRAS. Since absolute values were slightly higher for SUPRAS:EQS in the interval 1:4-
1:6, a ratio 1:4 was selected as optimal. Significantly higher solvent to sample ratios have
been reported for the extraction of bioactives from solid coffee waste, many times using
pretreatment, high temperature or energy-assisted techniques. For example standard
solvent extraction procedures based on agueous methanol or ethanol have been reported
at ratios of 30-40 mL/g and carried out at room temperature or 50 °C (Mussato et al., 2011;
Zuorro and Lavechia, 2011). Lower ratios (9-10 mL/g) were reported by Murthy et al. (2012)
with Soxhlet extraction using aqueous isopropanol at 50 °C and pretreatment with
viscozyme and by Pavlovi¢ et al. (2013) by microwave-assisted extraction. The use of deep
eutectic solvents also required high ratios of 17-100 mL/g under ultrasonic assisted

extraction at room temperature or at 80 °C (Mouratoglou et al, 2016; Yoo and Lee, 2018).

Extraction yields of 3.6+0.3 mg caffeine g* and 0.9+0.1 mg protocatechuic acid g* were
obtained under optimal conditions, which are specified in Figure 1. These values were in
and protocatechuic acid in coffee cherry pulp obtained by wet or semi-dry processes from
six varieties varied from 3.4 to 6.8 mg g* and from ~0.2 to 3.1 mg g™, respectively.

3.3. Comparison of the extraction efficiency of SUPRAS and conventional organic solvents
for bioactives in coffee pulp

The extraction efficiency of SUPRAS for caffeine and protocatechuic acid was compared
with that obtained by organic solvents commonly used for extraction of bioactives from
coffee residues (e.g. methanol, ethanol, acetone, and acetonitrile). Aqueous mixtures with
polar solvents are also commonly employed for this aim. However, since these mixtures limit
the extraction of less polar bioactives (e.g. flavonoids), we preferred to do a comparison with
pure polar solvents for wide scope extraction purposes. We employed the same extraction
procedure for polar solvents than that optimized for SUPRAS (i.e. solvent:sample ratio of

4:1 v/w and experimental conditions as reported in Figure 1.2). SUPRAS extracted ~7-fold

150



CAPITULO IlI

more caffeine (3.6+£0.3 mg g*) than methanol (0.31 + 0.05 mg g?). Values for ethanol (0.187
+ 0.004 mg g1), acetone (0.205 + 0.009 mg g*) and acetonitrile (0.22 + 0.02 mg g*) were
even lower. Results for protocatechuic acid were also better for SUPRAS that extracted this
bioactive ~11-fold more efficiently (0.9+0.1 mg g*) than methanol (0.12+ 0.07 mg g?).
Ethanol (0.055 + 0.009 mg g?), acetone (0.041+ 0.006 mg g*) and acetonitrile (0.0272+
0.0007 mg g*) were even less efficient. Results for other phenolic compounds identified in
the following section are shown in Figure S1. The multiple binding sites and adequate
balance of hydrogen bonds and dispersion interactions provided by SUPRAS could be the
reason for this higher extraction efficiency.
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Figure 4. Extraction yields of caffeine and protocatechuic acid as mean + standard
deviation (n=3). Significant differences are indicated by different letters on the top of the
bars (Tukey tests). Extraction of coffee cherry pulp (200 mg) with SUPRAS or
SUPRAS:E(QS 88:17 v/v and different solvent to sample ratios 3:1-6:1 v/iw. SUPRAS
synthesis conditions: octanoic acid 5% v/v, ethanol 24 % v/v and water 71% v/v.
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3.4. Phenolic compounds and alkaloids profile in SUPRAS extracts

SUPRAS extracts obtained under optimal conditions were analyzed by LC-MS/MS to
investigate their content in phenolic compounds and alkaloids. The most abundant phenolic
compounds were protocatechuic acid (0.9£0.1 mg g*), gallic acid (0.25+0.02 mg g*) and 5-
chlorogenic acid (0.13+0.01 mg g*). Other phenolic compounds were present at significantly
lower levels: rutin (30.5+2 pg g?), 5-O-feruloylquinic acid (17.3+0.5 pg g?), 3-O-
coumaroylquinic acid (13.4+0.4 ug g*), p-coumaric acid (4.5+0.1 ug g), caffeic acid (2+0.2
ug g1), n-O-dicaffeoyl quinic acids (1.6+0.1 ug g, sum of three isomers), 4-chlorogenic acid
(1.1£0.05 pg g?), 3-chlorogenic acid (0.34+0.04 pg g-1) and 3-O-feruloylquinic acid
(0.4+0.03 pg g?). The isomeric form of each class of compound was assigned on the basis
of relative retention times and main fragments according to (Angelino et al., 2018). Figure 5
(LC-MS/MS chromatogram) shows the most abundant phenolic compounds in SUPRAS
extracts. Regarding alkaloids, caffeine (3.6+0.3 mg g*) was the major compound followed

by trigonelline which was detected with about 15-fold lower abundance.

Samples were also extracted with conventional solvents (i.e. methanol, ethanol, acetone
and acetonitrile) under the same experimental conditions that those used for SUPRAS and
the extracts analyzed by LC-MS/MS to quantify the most abundant phenolic compounds
(protocatechuic acid, gallic acid, 5-CGA and rutin). Figure S1 shows the results obtained,
which prove the higher efficiency of SUPRAS compared to the most used organic solvents.
Levels of 5-chlorogenic acid in Castillo variety were lower than those reported from other
varieties cultivated in South America (Caturra, Catuai, Maragogype from Honduras and
Bourbon from El Salvador, 0.7-0.9 mg g, Heeger et al., 2017). The same study reported
gallic acid and rutin at levels below 100 pg g in these varieties. A higher value of 0.73 mg
g*! of gallic acid was reported for a Bourbon variety cultivated in Congo.
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Figure 5. LC-(ESI-)MS/MS extracted ion chromatograms for the most abundant phenolic
compounds in optimal SUPRAS extracts. Abbreviations: 5-CQA (5-O-Caffeoylquinic
acid); 3-CouQA (3-O-Coumaroylquinic acid); 5-FQA (5-O-Feruloylquinic acid); n-DQA

(n-O-Dicaffeoylquinic acids).
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3.5 Antioxidant activity of SUPRAS extracts

Phenolic compounds are the main contributors to the antioxidant activity of coffee and by-
products (BelS€ak-Cvitanovi¢ et al., 2017). The antioxidant activity of SUPRAS blanks was
negligible under any dilution or experimental condition. The antioxidant activity of SUPRAS
extracts was measured by the DPPH and ABTS assays. For this purpose diluted SUPRAS
with concentrations in the ranges 0.14-36 g L* and 0.3-287 g L* for DPPH and ABTS
assays, respectively, were tested. Linearity for antioxidant activity versus SUPRAS
concentration was observed up to 15 g SUPRAS L* and 25 g SUPRAS L*in the DPPH and
ABTS assays, respectively. At these concentrations, the DPPH and ABTS antioxidant
capacity were 45+1% and 91+4%. The Trolox equivalent (TE) antioxidant capacity at 25 g
SUPRAS L was 334 uM.

The DPPH antioxidant capacity of coffee pulp extracts obtained under different extraction
conditions, (which are hardly comparable) has been previously reported (Murthy and Naidu,
2012; Silva et al., 2013). Thus, DPPH activity of 65% has been found for extracts (0.5 g L™?)
obtained by Soxhlet extraction of 100 g sample with isopropanol:water 60:40 v/v at a solvent
to sample ratio 10:1 v/w followed by evaporation to dryness (total yield 18.1%) (Murthy and
Naidu, 2012). A similar DPPH antioxidant capacity (65.3%) was measured in coffee pulp
extracts (20 g L?) obtained by extracting the samples by three consecutive times with
ethanol (sample:solvent ratio 1:10 w/v) and evaporating the extracts to dryness (Silva et al.,
2013). On the other hand, the values here obtained by the ABTS assay (corresponding to
40 umol TE g coffee pulp) were in accordance with those reported reported by Heeger et
al. (2017) in the range 51-64.9 umol TE g* coffee pulp (in weight, ~10% humidity) with

different varieties of coffee cultivated in South America.

4. Conclusions

SUPRAS provides an efficient alternative extraction approach for the isolation of bioactive
compounds from coffee cherry pulp, a less investigated coffee by-product than coffee husks,
coffee silverskin or spent coffee grounds, but of major importance in the wet processing of
coffee. SUPRAS exiracts, rich in caffeine and polyphenols, can be of interest for the
development of nutraceuticals, functional food or cosmetics. The extraction approach is
simple (it is carried out at room temperature and atmospheric pressure in a single step and

without external energy, such as ultrasound- or microwave-assisted extraction). While drying
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and grinding are common industrial steps, vortexing and centrifugation can be replaced by
a more gentle mixing approach during longer extraction times (to keep the extraction
efficiency rate) followed by decantation and filtration. Further purification steps for
concentration/separation of bioactives and for recovery and reuse of SUPRAS components
are also probably required for industrial applicability. For this aim, different strategies could
be employed, such as evaporation and/or freeze-drying for water and ethanol removal, back-
extraction of bioactives with a poor solvent for the amphiphile (aqueous polar solvent
mixture), dry fractionation for removal of octanoic acid and lipids or anionic exchange resins
to retain octanoate after changing the pH to ~7. Nevertheless, the presence of octanoic acid
in the final commercialized products should not be problematic since it is a food authorized
ingredient and also can benefit the stability of bioactives For further implementation at
industrial scale, the benefits of the amphiphile-rich extracts for enhancing the stability and

bio-availability of bioactives will be addressed in the future.
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SUPPLEMENTARY INFORMATION

Supramolecular solvent extraction of bioactives from coffee cherry pulp

Laura Sofia Torres-Valenzuela °, Ana Ballesteros-Gomez #, Soledad Rubio?

Chemicals and solutions

All reagents were analytical reagent-grade and were used as supplied. Acetone, acetonitrile,
ethanol, ethyl acetate, methanol, hydrochloric acid (37%) and acetic acid glacial (99.5%) were
acquired from Panreac (Barcelona, Spain). The following reagents were purchased from Sigma—
Aldrich Co. (St. Louis, USA): octanoic acid (99%), decanoic acid (98%), potassium persulfate
(99%), protocatechuic acid, chlorogenic acid, gallic acid, caffeic acid, caffeine, 2,2"-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), 2,2 diphenyl-1-picrylhydrazyl (DPPH), (%)-6-
hydroxy-2,5,7,8-tetramethyl-chromane-2-carboxylic acid (97%), catechin hydrate (96%) and (z)-
6-hydroxy-2,5,7,8-tetramethyl-chroman-2-carboxylic acid (98,1%, Trolox). Stock solutions of
bioactive compounds (1000 mg L) were prepared in methanol and the respective calibration
standards were prepared by dilution in methanol. The DPPH reagent was prepared by dissolving
1 mg of DPPH in 50 mL of methanol and diluting this solution with methanol to give an absorbance
of 1.00 at 590 nm. The ABTS"** radical was obtained by mixing 1 mL of ABTS 14 mM with 1 mL
of potassium persulfate 4.9 mM. The solution was stored in darkness during 16 hours and its
absorbance was adjusted at 1.0 (measured at 620 nm) with ultrapure water (Milli-Q system
equipped with a 0.22-um filter, MA, USA).

Analysis of bioactive compounds by LC-MS/MS

For this aim we employed an HPLC system (Agilent Technologies 1200) with a ACE 3 C18-PFP
column (3 mm i.d., 150 mm length, 3.0 um particle size) and precolumn (Phenomenex KJ 0-4282)
coupled to a Triple Quadrupole mass spectrometer (Agilent 6420) equipped with an electrospray
ionization (ESI) source operating in negative and positive modes. The mobile phase was made
up of (A) Milli-Q water with 0.1% acetic acid and (B) MeOH:Acetonitrile 50:50 v/v at a flow rate of
0.3 mL-mint. The injection volume was 5 pL. The gradient was as follow: initial 5% B hold for 0.1

min, linear gradient to 30% B in 25 min and to 40% B in the next 10 min. Finally, B was increased
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to 100% at 35.1 min and maintained for 10 min to remove possible hydrophobic compounds from
the column. The column was re-conditioned for 10 min before injection. The MRM transitions for
target masses of the bioactives identified in SUPRAS extracts as well as MS parameters are given
in Table S1.

Table S1. Polyphenolic compounds (and alkaloids) identified in SUPRAS extracts
Compound class Abreviation Parent Fragment Fragment Retention Polarity

ion 1 2 time/s
Trigonelline - 138 92 94 2.7 +
Gallic acid - 169 125 - 8.3 -
Protocatechuic - 153 109 - 13.1 -
acid
3-0O-Caffeoylquinic  3-CQA 353 191 179 13.8 -
acid
Caffeine - 195 138 - 18.9 +
5-O-Caffeoylquinic  5-CQA 353 191 179 18.3 -
acid
3-O-Feruloylquinic  3-FQA 367 173 193 18.4 -
acid
4-O-Caffeoylquinic  4-CQA 353 173 179 19.2 -
acid
Caffeic acid - 179 135 - 21.6 -
3-O- 3-CouQA 337 191 179 22.2 -
Coumaroylquinic
acid
5-O-Feruloylquinic  5-FQA 367 191 173 24.4 -
acid
p-coumaric acid - 163 119 - 26.9 -
n-O- n-DQAs 515 179 135 31.8, -
Dicaffeoylquinic 32.4,
acids 35.2
Rutin - 609 300 - 30.9 -

MS parameters were: fragmentor 100 V, collision energy 15 eV, cell accelerator voltage
4V, dwell 20 ms.

Source parameters were: gas temperature, 350°C; gas flow, 12 L-min’; nebulizer gas
pressure, 30 psi; capillary voltage, -4000 V.

MS data were processed with Agilent MassHunter Software® (version B.07.00).
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Table S2. One-way ANOVA and Tukey pairwise comparisons corresponding to Figure 2A

ANOVA
Source DF Adj SS Adj MS F-Value P-Value
Factor 7 1.8182 0.259745 26.46 0.000
Error 16 0.1571 0.009817

Total 23 1.9753
Factors (n=8): C1-C8, null hypothesis: all means are equal (significance level a = 0.05)

Tukey tests (means that do not share a letter are significantly different, A for optimal values)
% v/v etanol

Factor /amphiphile N Mean SD Grouping

C6 19/C8 3 1.66 0.05 A

Cc7 24/C8 3 158 0.08 A

C4 38/C10 3 157 0.08 A

C3 33/C10 3 140 0.04 A B

Cc2 24/C10 3 1283 0.03 B C

C1 19/C10 3 117 0.03 B C

C5 9.5/C8 3 10 0.2 C D
C8 33/C8 3 038 0.1 D

Table S3. One-way ANOVA and Tukey pairwise comparisons corresponding to Figure 2B

ANOVA
Source DF Adj SS Adj MS F-Value P-Value
Factor 7 0.227400 0.032486 59.06 0.000
Error 16 0.008800 0.000550

Total 23 0.236200
Factors (n=8): C1-C8, null hypothesis: all means are equal (significance level a = 0.05)

Tukey tests (means that do not share a letter are significantly different, A for optimal values)
% vlv etanol

Factor /amphiphile N  mean SD Grouping

C4 38/C10 3 041 0.02 A

C3 33/C10 3 0.39 0.04 A

C7 24/C8 3 0.35 0.04 A B

C6 19/C8 3 031 0.01 B C

C8 33/C8 3 0.28 0.02 C

C2 19/C10 3 0.25 0.01 C

C1l 24/C10 3 0.25 0.01 C

C5 9.5/C8 3 0.08 0.01 D
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Table S4. One-way ANOVA and Tukey pairwise comparisons corresponding to Figure 3

(caffeine)
ANOVA
Source DF Adj SS Adj MS F- P-Value
Value
Factor 4 9.58123 2.39531 503.03 0.000
Error 10 0.04762 0.00476
Total 14 9.62884

Factors (n=8): C1-C5, null hypothesis: all means are equal (significance level a = 0.05)

Tukey tests (means that do not share a letter are significantly different, A for optimal values)

% viv
Factor SUPRAS N  mean SD Grouping
C5 100 3 361 0.06 A
C4 83 3 3.57 0.04 A
C3 67 3 258 0.06 B
Cc2 50 3 211 0.08 C
Ci1 33 3 158 0.08 D

Table S5. One-way ANOVA and Tukey pairwise comparisons corresponding to Figure 3
(protocatechuic acid)

ANOVA
Source DF Adj SS Adj MS F-Value P-Value
Factor 4 0.65557 0.163893 26.49 0.000
Error 10 0.06187 0.006187

Total 14 0.71745
Factors (n=8): C1-C5, null hypothesis: all means are equal (significance level a = 0.05)

Tukey tests (means that do not share a letter are significantly different, A for optimal values)

% viv
Factor SUPRAS N  mean SD Grouping
C4 83 3 0.92 0.04 A
C5 100 3 0.76 0.16 A
C3 67 3 0.57 0.03
Cc2 50 3 0.45 0.03 C D
Cil 33 3 0.35 0.03 D
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Table S6. One-way ANOVA and Tukey pairwise comparisons corresponding to Figure 4A

ANOVA
Source DF Adj SS Adj MS F-Value P-Value
Factor 11 5.598 0.50889 6.12 0.000
Error 24 1.995 0.08312
Total 35 7.593

Factors (n=8): C1-C12, null hypothesis: all means are equal (significance level a = 0.05)

Tukey tests (means that do not share a letter are significantly different, A for optimal values)

mL/% viv
SUPRAS

SD

Factor N mean Grouping
C9 0.9/83 3 3.7 0.3 A
C10 0.8/83 3 3.6 0.3 A B
C8 1.0/83 3 3.6 0.3 A B
C7 1.2/83 3 3.6 0.3 A B
C2 1.0/200 3 3.6 0.3 A B
C1 1.2/200 3 3.6 0.3 A B
C3 0.9/100 3 3.4 0.2 A B C
Cl1 0.7/83 3 3.3 0.3 A B C
C12 0.6/83 3 3.1 0.3 A B C
C4 0.8/100 3 2.8 0.1 B C
C5 0.7/100 3 2.7 0.2 C
C6 0.6/100 3 2.6 0.4 C
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Table S7. One-way ANOVA and Tukey pairwise comparisons corresponding to Figure 4B

ANOVA
Source DF Adj SS Adj MS F-Value P-Value
Factor 11 0.1883 0.017117 3.66 0.004
Error 24 0.1122 0.004676
Total 35 0.3005

Factors (n=8): C1-C12, null hypothesis: all means are equal (significance level a = 0.05)

Tukey tests (means that do not share a letter are significantly different, A for optimal values)

mL/% v/v

Factor SUPRAS N mean SD Grouping

C7 1.2/83 3 0.93 0.04 A

C10 0.8/83 3 0.9 0.1 A
C9 0.9/83 3 0.88 0.09 A B
C8 1.0/83 3 0.88 0.06 A B
C3 0.9/200 3 0.8 0.1 A B

Ci11 0.7/83 3 0.78 0.04 A B

C12 0.6/83 3 0.78 0.09 A B
Cl 1.2/100 3 0.76 0.03 A B
C4 0.8/100 3 0.76 0.05 A B
C6 0.6/100 3 0.75 0.07 A B
Cc2 1.0/200 3 0.72 0.04 A B
C5 0.7/200 3 0.69 0.04 B
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Figure S1. Extraction rate (mg/g) of the four most abundant compounds phenolic compounds
with SUPRAS, methanol, ethanol, acetone and acetonitrile (solvent:sample ratio 4:1 v/w).
Figure S1-A compares the results for SUPRAS and conventional organic solvents and Figure

S1-B magnifies the results for conventional organic solvents.

1.2

0.8

mg/g
o
(-]

0.4

0.2

0 Ii‘- Ii‘v, -

B

> -

& & &
N3

»

>
& “
S
(3
X
&

0‘9
Q‘

W SUPRAS

B Methanol

H Ethanol
Acetone

B Acetonitrile

165

0.14

0.12

0.1

0.08

mg/g

0.06

0.04

0.02

B Methanol
u Ethanol
Acetone

B Acetonitrile



166



CAPITULO IV

DISOLVENTES SUPRAMOLECULARES PARA LA EXTRACCION Y
PRE-TRATAMIENTO DE AGUAS RESIDUALES DE LA
TRANSFORMACION PRIMARIA DEL CAFE
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CAPITULO IV

Supramolecular solvents for the valorization of coffee wastewater

Laura Sofia Torres-Valenzuela °, Ana Ballesteros ', Johanna Serna ®, Andrea Arango ®,
Soledad Rubio?

Environmental Science Water Research & Technology (2020): DOI: 10.1039/c9ew01095e

Abstract

Supramolecular solvents (SUPRAS) were investigated for the recovery of bioactives from coffee
wastewater (CWW), an abundant residue in the wet and semi-wet processing methods of coffee
beans. SUPRAS were made up of hexagonal inverted aggregates of hexanol or decanoic acid
and were spontaneously produced in the wastewater through self-assembly processes. SUPRAS
components were food authorized ingredients this facilitating future industrial applicability. Under
passive extraction (energy-less procedure), caffeine was recovered with a yield of 54 to 65 mg
per liter of wastewater. SUPRAS extracts showed good antioxidant capacity (up to 53% ABTS™)
and were stable for at least 2 months in the range of temperatures investigated (4-24 °C) for the
preservation of bioactives. Additionally, the SUPRAS-based extraction of bioactives improved
substantially some wastewater quality parameters (e.g. BOD, total suspended solids and
conductivity), so this process also helped to purify wastewater before dumping it to surface

waters.

Keywords
Supramolecular solvents; coffee wastewater; wastewater treatment; bioactive compounds;

valorization

1. Introduction

Coffee is one of the most popular products in the world. It is cultivated in about 80 countries across
the globe (90% takes place in developing countries) with an estimated production above 8.2
million tons. Over 2.25 billion cups of coffee are consumed every day globally mainly in the

industrialized economies.!

There are two primary processing methods to obtain green coffee (traded coffee beans). In the

dry process, coffee cherries are laid out in the sun to dry. In the wet process the fruit covering the
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beans (exocarp, coffee pulp and parchment) is removed (mechanically and by fermentation)
before they are dried. Approximately 40% of all coffee around the world is wet processed 2,
because it is considered to produce better taste.!®* However, this process produces a
considerable amount of wastewater and solid waste that can pollute the environment. It has been

estimated that 40—45 L of wastewater are produced per kilogram of coffee.*

The wastewater produced from wet coffee processing is rich in organic compounds such as
caffeine, sugars, proteins and phenolic compounds.*56 However, it presents high acidity (pH
below 4), dark color and high concentration of organic matter that can deplete the oxygen content
of water and elevate the risk of eutrophication (up to 20,000 mg/L and 50,000 mg/L for BOD and
COD, respectively).” For these reasons, it is unsuitable to directly dispose it into the soil or

waterway.

Discharges of wastewater from coffee processing has become a global issue of concern since
the high volume of wastewater generated during the harvest period causes management
problems,® and usually it is simply dumped into the river. Different alternatives to mitigate the
negative effects of these discharges have been evaluated. These include, among others,
coagulation with Moringa oleifera seed extract,? chemical coagulation-flocculation and advanced
oxidation processes,* enzymatic oxidation,® biomethanation,®!° aeration and biofiltration with
vegetal species'®'? and electrocoagulation-electrooxidation.'®* The aim of these technologies is
that physical-chemical parameters of the treated water (e.g. COD, BOD, total nitrogen and
phosphorus content, etc.) are within the accepted ranges for discharge to surface water. However,
to the best of our knowledge, the recovery of bioactive compounds (caffeine, polyphenolic
compounds, etc.), which are of interest for the pharma, cosmetic and food industry, have been
not reported yet, despite it has been strongly encouraged.!

In this study, we developed an approach for the valorization of coffee wastewater (CWW) based
on the use of green supramolecular solvents (SUPRAS). This technology could be applied before
conventional treatments for purification in order to valorize the residue before the discharge.
SUPRASs are green liquids spontaneously produced by a sequential self-assembly of
amphiphiles.** First, amphiphiles assemble into tridimensional aggregates (such as micelles or
vesicles) above a critical aggregation concentration (cac). Then, under the action of a
coacervation inducing agent, the size of these aggregates increases or the amphiphiles rearrange
in new nanostructured packed phases that separate from the bulk solution.*® Common inducing

agents of coacervation include modifications in the temperature or the pH of the solution or the
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addition of salts or a poor solvent for the amphiphile.2* SUPRAS are excellent extraction materials
since they offer different polarity microenvironments, a high number of binding sites (the
concentration of amphiphile can reach up to 1 mg/uL) and a variety of binding interactions
(dispersive, polar, ionic, hydrogen bonds, etc.). They can efficiently extract compounds spanning
a wide polarity range and are easily tailored for each application by the selection of the proper
functional groups of amphiphiles and/or the nature of the environment for their self-assembly.
SUPRAS have been successfully used in analytical extractions and more recently, also proved

promising in the extraction of bioactives from microalgae * and solid coffee waste.6t

This study assess the suitability of SUPRAS, synthesized from decanoic acid or 1-hexanol
(amphiphiles), ethanol and water, for the recovery of high-added value compounds from CWW.
For this purpose, inverted aggregates of the amphiphile were produced in ethanol above its cac
and then wastewater (a poor solvent for the amphiphile) was used as the coacervation inducing
agent. In this way, SUPRAS formation and extraction of bioactives took place simultaneously.

The extraction of bioactives was investigated through the recovery of caffeine, one of the most
valuable compounds in the wastewater, and optimal conditions were further assessed for the
extraction of total phenolic compounds. General quality parameters (pH, BOD, dissolved oxygen,
COD, conductivity, total suspended solids, etc.) of the wastewater after SUPRAS extraction were
also determined. The approach was simple and rapid and it could constitute a sustainable and

valuable strategy for the valorization of CWW prior to conventional treatment.

2. Materials and methods

2.1 Chemicals and apparatus

Caffeine (HPLC grade), decanoic acid (98%), 2,2 -azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid (ABTS) and HPLC grade ethanol, methanol and acetic acid glacial were purchased from
Sigma—Aldrich Co. (St. Louis, USA). 1-hexanol (98%) and hydrochloric acid (37%) were obtained
from Merck (Darmstadt, Germany). Potassium persulfate was purchased from Panreac
(Barcelona, Spain) and potassium acetate (99,4%) from JT Baker (Madrid, Espafia). All chemicals
were analytical reagent-grade and were used as supplied. Pure water was prepared using a Milli-

Q ultrapure water purification system equipped with a 0.22-um filter (MA, USA).
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The reagent ABTS" radicals was prepared by dissolving 97 mg of ABTS and 16.5 mg of potassium
persulfate in 25 mL of distilled water and keeping the mixture for 16 hours under dark. Then, it

was diluted with ethanol to give an absorbance of 0.709+0.005 at 732 nm.

A high-performance liquid chromatography (HPLC) coupled to a UV Detector (Shimadzu, Japan)
was employed for caffeine quantification. The stationary phase was an Ultra Cg column (5 pm
particle size, 150 mm length, 4.6 mm i.d.) from Restek (France). All data were acquired and
processed using the LabSolutions Software (Shimadzu, Japan). The extractions were made in 2
mL-microtubes Safe-Lock from Eppendorf Iberica (Madrid, Spain). A vortex shaker from Vorterex
(Heathrow Scientific, Vernon Hills, IL, USA) with an attachment for 4 tubes, and a high-speed
brushless centrifuge BX 24 (Unico, USA) were used for sample preparation. The antioxidant
activity was measured in a spectrophotometer Genesys 10UV-VIS, Thermospectronic
(ThermoScientific, USA). Stability experiments were done in an environmental chamber (1000L.
Dies. Colombia). For physical-chemical characterization of wastewater a forced circulation stove
(Binder, Germany), muffle (Terrigeno, Colombia), potentiometer (Jenway, England) and dissolved

oxygen meter (Milwaukee, Hungria) were employed.

2.2 Coffee wastewater

Wastewater was obtained from a wet processed coffee from Castillo variety that was produced in
Circasia (Colombia) at 1650 MASL. In this process, skin, pulp and mucilage are removed using
water and aerobic fermentation. The coffee wastewater was not subjected to further treatment
before SUPRAS extraction.

2.3 Experimental design and statistical analysis
Recovery of caffeine from wastewater was optimized by extraction with SUPRAS of different
composition that were produced from two types of amphiphiles (decanoic acid and 1-hexanol) at

several proportions of ingredients (amphiphile, ethanol and water).

The optimization was done with a central composite design (CCD) and response surface
methodology (RSM). The independent variables were the amphiphile (1-hexanol or decanoic acid
X1, 2.9 — 17.1% v/v) and solvent (ethanol; X2, 3.8 — 46.2%v/v) concentration in the synthetic
solution, while the dependent variable was caffeine extraction (recovery). Both the composition
and volume of SUPRAS formed in ternary mixtures of amphiphile-organic solvent-water have

been widely proved to be dependent on the proportion of amphiphile and organic solvent in the
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mixture.*®1® Considering two independent variables and two levels (low (=) and high (+)); the total
number of experiments was 13, as determined by the expression: 2" (22 = 4: factor points) + 2n
(2 x 2 = 4: axial points) + 5 (center point: five replicates). The 5 replicates of the central point level
(10%v/v amphiphile and 25%v/v organic solvent) give an estimate of the experimental error (See
Table 1).

The response surface regression (RSREG) and significance tests were conducted with Minitab
18.1 software. The parameters obtained from the RSM analysis were adjusted by a second-order
polynomial model equation (See equation 1). Statistical analysis of variance (ANOVA) was used
to evaluate the fit quality of the experimental results to the developed polynomial model. The
optimum point was further estimated by a ridge analysis.

k k k-1 k Equation 1
YZﬂo‘*'ZﬁiXi'*' ﬁiing‘l'ZZﬁinij‘l' £
i=1 i-1 i=1j=2

where Y is the extraction of caffeine (recovery), Bo, Bi, Biand Bj are the regression coefficients of
the model. k is number of studied factors and ¢ is the error. X, Xi? and X; are linear, quadratic,

and interaction terms of model, respectively.

Table 1. Experiments (CCD design) for the optimization of the influence of
SUPRAS produced from different proportions of ingredients on the recovery

of caffeine.
aAmphiphile atthanol aWastewater aDistilled
water
5.0 10.0 31.25 53.75
15.0 10.0 31.25 43.75
5.0 40.0 31.25 23.75
15.0 40.0 31.25 13.75
2.9 25.0 31.25 40.82
17.1 25.0 31.25 26.68
10.0 3.8 31.25 54.96
10.0 46.2 31.25 12.54
b10.0 25.0 31.25 33.75

aConcentrations expressed as volume percentages (v/v, %). Total volume of the
solution: 1.6 mL. PThe central point condition was measured 5-times in accordance
with the experimental design
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2.4 Optimization of SUPRAS extraction

Experiments were done at a laboratory scale. The supramolecular solvent was synthesized in situ
in the wastewater sample by addition of 1-hexanol or decanoic acid and ethanol. In order to
maintain constant the variety and concentration of ingredients of the wastewater during the
optimization process, the volume of wastewater remained unchanged. The extraction was
performed in 2 mL polypropylene centrifuge microtubes. The SUPRAS synthesis solution (1.6
mL) consisted in wastewater (500 pL), amphiphile (decanoic acid or hexanol, 45 — 273 pL),
ethanol (61 — 739 pL) and distilled water (220 — 879 pL).

The mixtures were vortex-shaken for 1 min at 3,000 rpm (for both SUPRAS formation and caffeine
extraction), then centrifuged for 20 minutes at 4.519 g for phase separation of the SUPRAS (upper
phase) from the bulk solution (bottom phase). The volume of the top enriched SUPRAS phase
was measured using a digital caliper and calculated as cylinder volume. For caffeine quantification
SUPRAS extracts were diluted with methanol and then vortex-shaken for 1 min at 300 rpm. The

standard deviation was calculated based on 5 replicates of the central point level.

Additionally, the caffeine content in CWW was quantified. For this aim, the wastewater was with
ultrapure water and then centrifuged (30 minutes at 4.519 g), filtered using a syringe filter (0.20

um) and subjected to HPLC-UV analysis as described in the following section.

Optimal SUPRAS conditions were tested to simulate nearly passive extraction conditions, which
could be advantageous for application at the industrial scale. For this purpose, solutions
containing wastewater and optimal SUPRAS components were gently mixed and they were
allowed to stand for spontaneous phase separation of the SUPRAS from the bulk solution. The
recovery of caffeine as a function of time was measured at 3.5, 6, 8, 10, 13, 16, 20 and 30 minutes.

2.5 Analysis of bioactive compounds by HPLC-UV

Caffeine content in SUPRAS made up from different synthetic conditions and wastewater were
analyzed by high performance liquid chromatography (HPLC) and ultraviolet detection (UV). The
detector wavelength was set at 254 nm. The mobile phase consisted of 69.9% v/v of water, 30%
v/v of methanol, and 0.1% v/v of acetic acid and was operated in isocratic mode. The flow rate

was set at 0.6 mL/min and the sample injection volume was 20 pL. Quantitative analysis was
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conducted using authentic standards of caffeine prepared in water:methanol 70:30 v/v in the
concentration range of 5 — 100 mg L. The equation of the calibration curve for caffeine was vy
= 27,219 x — 1,100 (R?= 0.9998) (see Figure S1 for statistics and graph).

2.6 Antioxidant activity determination

The antioxidant activity of SUPRAS extracts, obtained under the optimal conditions for hexanol
and decanoic acid, was evaluated by the ABTS** method. The inhibition was calculated by the

change in the absorbance of the reagent solution (ABTS**) from the following equation:2°

AbSO — AbS30
— " %
AbSO

Equation 2

%inhibition = 100

where Absy is the absorbance of ABTS* reagent solution at time zero and Absio is the absorbance
of the reagent in the presence of SUPRAS extracts (previously diluted in 1:10 with methanol) at

30 minutes of reaction.

For the ABTS** assay, aliquots of 330 pL of SUPRAS extracts or methanol as blank and 670 pL
of the ABTS** reagent were mixed and incubated during 30 minutes at 25 °C. The absorbance
was measured at 732 nm. The final concentration of SUPRAS extract tested was 91.7 mg
SUPRAS/mL.

2.7 Caffeine stability in SUPRAS extracts.

The caffeine extracts obtained with SUPRAS under optimal conditions were stored in an
environmental chamber (1000L. Dies. Colombia) at 4, 14 and 24 + 1 °C and 85% relative humidity.
The caffeine content was measured at 0, 1, 2, 6, 9, 16, 23, 30, 50 and 60 days (storage time).
Caffeine concentration in SUPRAS (CA), In(CA) or 1/CA was plotted against time (days) to

determine the reaction order of the degradation of caffeine according to equation 3:

—Tca = kC&4 Equation 3

where —r-4 : caffeine degradation rate; k : caffeine degradation constant; CA: caffeine

concentration in SUPRAS, mg/L (as a function of time) and a.: reaction order
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2.8 Physico-chemical parameters

The physico-chemical parameters of the wastewater were characterized before and after
SUPRAS treatment using the optimal value with both amphiphiles. The measured parameters
were total suspended solids, pH, conductivity, dissolved oxygen, phosphates, nitrates,
biochemical oxygen demand (BODs) and chemical oxygen demand (COD). Total suspended
solids were measured by gravimetry according to the AOAC 940.26 official method. Values of pH
and conductivity were directly measured by using a potentiometer and dissolved oxygen using an
apparatus DO Meter (Milwaukee, Hungria).

The other parameters were measured with different analytical kits from Hanna Instruments, USA
(phosphates, kit HI 3833; nitrates, kit HI 3874) and NANOCOLOR, Macherey-Nagel, Germany
(BOD:s, kit 8-22 and COD, Test 0-29).

3. Results and discussion

3.1 SUPRAS synthesis

Because of the aim of this research was to recover bioactive compounds from CWW, two
conditions were imposed for SUPRAS selection. First, components making up the SUPRAS
should be authorized as food ingredients 2122 or extractants,? and second, the SUPRAS should
be immiscible with wastewater. To meet the first requirement, SUPRAS produced from fatty acids
19 and fatty alcohols 8 in ethanol-water mixtures were evaluated for the extraction of the targeted
bioactives. The amphiphiles selected were decanoic acid and 1-hexanol, which are both
authorized as food ingredients.??! Alcohols are also authorized as extraction solvents in the
production of foodstuffs, with no residues limits established for ethanol and 10 mg kg™ for longer

alkyl chains.?®

The formation of SUPRAS was carried out by dissolving decanoic acid or 1-hexanol in ethanol,
where they form inverse aggregates above the cac (i.e. reverse micelles), and then, adding
wastewater as the coacervation-inducing agent. The addition of wastewater to the colloidal
suspension of fatty acids and alcohols in organic solvents caused the formation of oily droplets
that associated in clusters of individual droplets, and finally separated as a SUPRAS top layer in
equilibrium with the wastewater solution. Liquid-liquid phase separation was the result of the
increase in the size of the reverse micelles, as previously reported by optical and scanning

electron microscopy,*®'® due to the partial removal of ethanol molecules available for their
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solvation when adding wastewater. Aggregate growth in the presence of a mixture of miscible
solvents, one of which is a poor solvent for the micelles, is a known mechanism for coacervation
of non-ionic surfactants.?4#?® The volume of SUPRAS formed depended linearly on the amount of
amphiphile and exponentially on the percentage of ethanol in the ternary mixture, as previously

reported for SUPRAS formed in distilled water.

Bioactive compounds contained in wastewater, such as caffeine and polyphenols, were expected
to enrich the SUPRAS due to its multi-binding capacity via hydrogen bonding, polar and
dispersion interactions. Since the wastewater was employed for SUPRAS synthesis, both the
formation of the solvent and the extraction of bioactives took place in a single step after stirring
and centrifugation. Figure 1 shows a schematic picture of the SUPRAS formation/extraction of

bioactives from wastewater.

SUPRAS production and wastewater valorization and
pretreatment

SUPRAS |-
Bioactive-rich

—> [y StableSUPRAS
Equilibrium
\0!) Solution

structure

SUPRAS inverted
hexagonal internal

Wastewater
sample

’“\\}1, s (EaS)
CoIIO|daI solution of
amphiphile Energy-less Wastewat.er
(inverse micelles of 1- mixing, 30 min quality
hexanol or decanoic acid in payameters
ethanol) improved

Figure 1. Schematic picture of the in situ production of SUPRAS and extraction of bioactives

from coffee wastewater.

177



CAPITULO IV

3.2 Optimization of caffeine extraction

The concentration of caffeine in the wastewater sample was 90 + 6 mg.L!. Studies on CWW
composition in the literature are very scarce and mainly focused on general quality parameters
(DBO, total nitrogen content, pH, etc.). A value of 23 mg.L™? of caffeine has been reported in de-

pulping water.2¢

The predictive caffeine extraction yield in SUPRAS reached a maximum of ~60% for hexanol and
~70% for decanoic acid, which are acceptable taking into account the high polarity of caffeine
(logP -0.1) and consequently high water solubility (21.6 mg L™). The extraction was influenced by
both the amphiphile and ethanol concentration.

The model equations for predicting the extraction of caffeine from both SUPRAS are shown
below.

For hexanol-based SUPRAS:

Caffeine (R, %) =22.6 —2.71 H - 0.425 E + 0.2592 H*H - 0.00218 E*E +0.0292 H*E
where R= recovery, H= hexanol and E=ethanol. The determination coefficient (R?) was 94.4%,

and the estimated standard deviation of the model (S) was 5.1%

For decanoic-based SUPRAS:

Caffeine (R, %) = -10.8 - 0.26 DA + 0.858 E+ 0.053 DA*DA - 0.0239 E*E+ 0.1054 DA*E
where DA= decanoic acid; R>= 90.7%, S=7.4 %

The Pareto graph for the equation of the hexanol-based SUPRAS (Figure 2A) showed that the
most relevant factor was the percentage of hexanol (linear; ANOVA p=0.001), followed by its
quadratic interaction H*H (ANOVA p=0.026). The percentage of ethanol (ANOVA p=0.141), the
interaction between the two factors (H*E, ANOVA p=0.533) and the quadratic interaction E*E
(ANOVA p=0.823) were less significant. At a=0.05, only hexanol (linear and quadratic interaction)

was a statistically significant variable.

Regarding the Pareto graph for the equation of decanoic acid-based SUPRAS (Figure 2B), the

most relevant factor was the percentage of decanoic acid (linear; ANOVA p<0.001), followed by
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ethanol (linear; ANOVA p=0.005), the interaction between the two factors (DA*E, ANOVA p=0.07)
and the quadratic interaction E*E (ANOVA p=0.09); while the quadratic interaction DA*DA was
the less significant (ANOVA p=0.6). At a=0.05, both decanoic acid and ethanol were statistically

significant variables.

A Pareto Chart of the Standardized Effects
(response is Caffeine (%); a = 0,05)

Term 2,571
T

H-E

E-E

0 1 2 3 4 5 6 7 8
Standardized Effect

B Pareto Chart of the Standardized Effects
(response is Caffeine (%); a = 0,05)

Term 2,365
T

DA

DA-E

E-E

DA-DA

0 1 2 3 4 5 6 7
Standardized Effect

Figure 2. Pareto charts of the standardized effects in caffeine extraction with SUPRAS
synthetized with A) hexanol-ethanol and B) decanoic acid — ethanol
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Figure 3 (A and B) shows the modelled response surface of SUPRAS based on hexanol and
decanoic acid. The extraction increased when the amount of hexanol in the synthetic solution did
(Pearson correlation coefficient, PCC 0.52). In the case of decanoic acid-based SUPRAS, both
the amphiphile and the solvent had a directly proportional relationship respect to the extraction
rate (PCC 0.70 and 0.51 for decanoic acid and ethanol, respectively).
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Figure 3. Surface response and contour plot for extraction yields obtained for caffeine from
coffee wastewater using SUPRAS from A) hexanol — ethanol and B) decanoic acid - ethanol

The maximal modelled optimal responses were of 72% recovery at 17% v/v decanoic acid and
46% v/v ethanol and of 60% recovery at 17% v/v hexanol and 25% v/v ethanol. For decanoic-acid
based SUPRAS modelled recoveries decreased rapidly at lower ethanol percentages, e.g. 51%
at 25% v/v ethanol. So, recoveries were more favorable for hexanol-based SUPRAS compared

to those obtained for decanoic acid-based SUPRAS as the same concentrations of ingredients
were used.
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This behavior can be explained considering the composition and properties of both types of
SUPRAS. Thus, SUPRAS consist of the amphiphile (decanoic acid or hexanol), ethanol and water
and, consequently, they offer different types of interactions, among which hydrogen bonding and
polar interactions are expected to primarily govern the extraction of polar bioactives such as
caffeine. As previously reported,'®?’ the proportion of both ethanol and water in the SUPRAS
increases exponentially as the content of ethanol in the synthetic solution does. So, for SUPRAS
made up of nonpolar amphiphiles such as decanoic acid (log Kow 4.09), higher extraction yields
are expected as the percentage of ethanol in the synthetic solution increases (see figure 3B)
owing to the higher content of ethanol and water in the SUPRAS. On the other hand, SUPRAS
made up from polar amphiphiles such as hexanol (log Kow 2.03) are expected to be less
dependent on their content in water and ethanol, as clearly inferred from the results in figure 3A.
So, it seems that less organic solvent (e.g. ethanol) will be required for recovery of polar bioactives
from CWW using SUPRAS made up of polar amphiphiles.

Actual recoveries for caffeine agreed with those of modelled responses (e.g. 71 + 3% and 59 *
2% for SUPRAS based on decanoic acid and hexanol, respectively). So, an amount between
around 54 and 65 mg of caffeine, the modeled compound, can be recovered per liter of
wastewater. Sequential extractions steps could be carried out to further recover caffeine from
wastewater, although values in the first extraction seem to be a good compromise solution
between the consumption of reagents and the extraction efficiency for valorization purposes.
Under optimal conditions, the SUPRAS/sample volume ratio was 0.32 and 0.44 for SUPRAS

formed from decanoic acid and hexanol.

Figure S2 shows representative LC-UV chromatograms obtained from caffeine standard,
untreated CWW and SUPRAS extracts obtained using optimal experimental conditions.

Extraction of caffeine from CWW by SUPRAS was extremely fast under stirring. Preliminary
experiments showed that recoveries for caffeine did not change after 1 min extraction as
subjected the mixture CWW-SUPRAS to vortex-shaken at 3,000 rpm (see section 2.4). This
behavior is very common for SUPRAS since they consist of oily droplets that keep as individual
entities, so these solvents have intrinsically a high superficial area thus facilitating solute mass

transfer in extraction processes.*?®
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In order to prove if an energy-less process was an option for CWW valorization, we try the
extraction of caffeine under resting conditions, just mixing ethanol, the amphiphile and wastewater
at optimal percentages. The solution was allowed to stand for 3.5, 6, 8, 10, 13, 16, 20 and 30
minutes before measuring the caffeine content in the SUPRAS. Figure S3 shows the results
obtained. As it is shown, an induction period is observed in the kinetic curve for both SUPRAS
under resting conditions, which could be attributable to the time required for diffusion of caffeine
to the SUPRAS. Within 20 min values, recoveries for caffeine into SUPRAS reached the same
values that those obtained using stirring and centrifugation. So, SUPRAS have the potential for
an easy and cheap implementation in CWW valorization.

3.3 Antioxidant activity determination

The antioxidant activity obtained by the ABTS™ assay from SUPRAS blanks was negligible for
both hexanol (1.7%) and decanoic acid (6.9%). The SUPRAS extracts obtained from CWW under
optimal conditions exhibited good antioxidant activity (53.2% for hexanol and 41.8% for decanoic
acid, see table S1), thus confirming the possibility of CWW valorization. Bioactive compounds
expected to be responsible of the antioxidant activity of SUPRAS extracts were mainly
polyphenols.'® To the best of our knowledge, the extraction of antioxidants from CWW has not

been reported previously.

3.4 Stability of caffeine in SUPRAS extracts

SUPRAS extracts were evaluated for stability of the extracted bioactives by monitoring caffeine.
For this purpose, SUPRAS extracts stored at 4, 14 and 24 °C only showed a maximum ~9%
relative decrease at 24°C in caffeine concentration (respect to the time 0) after 60 days. Data on
these experiments can be found in tables S2 and S3. Since bioactives were quite stable for the
two months, degradation kinetic trends could not be determined in this time interval and neither
zero-, first- or second-order plots could be fitted to the experimental data, R2<0.05 (see figures
S4 and S5). We have also included the ANOVA results (Tables S4 and S5) with two factors (time
and temperature) to prove that differences between stability at the tested temperatures were not
significant (p=0.83-0.93). Differences with time were significant (p<0.0001) but the decrease was
minor in two months as mentioned before. Our research group has previously found an unusual

stability for astaxanthin in similar supramolecular assemblies.*®
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3.5. Physico-chemical parameters

Finally, although SUPRAS are here proposed to valorize CWW before conventional treatments,
the influence of SUPRAS-based extraction on wastewater quality parameters was investigated.
Table 2 shows the values found for typical quality standard parameters in CWW, before and after
extraction with SUPRAS synthesized from hexanol and decanoic acid. Likewise, Table 2 includes
the permitted or recommended values or ranges for these quality standard parameters in surface
waters,? effluents discharged into inland surface waters?® and occasional discharge of CWW in

surface waters.3°

As it was expected, major components in the raw CWW were organics, with BOD (120 mg O..L
1)y and COD (1255 mg O-.L?) values in line with previous reports (87 — 4800 mg O,.L* for BOD,
and 142 — 9130 mg O..L* for COD 3. Oxygen, consumed from water during decomposition of
organic matter by chemical and biological processes, was 3.6 mg O,.L?, also in line with previous
reports (0.17 — 7.01 mg O..L ") .22 The acid pH of the raw CWW (i.e. pH 3.7) was the consequence

of the fermentation of sugars to ethanol that it is quickly converted to acetic acid.

It can be clearly seen from data in Table 2 that raw CWW requires reduction of COD, total
suspended solids (TSS) and pH adjustment before dumping it occasionally into surface waters
according to the Colombia legislation. Also, raw CWW is far from EU and US-EPA quality
standards for surface waters and discharge of environmental pollutants to inland surface waters,
respectively, in terms of COD, BOD, TSS and pH, which means that water bodies located
downstream of traditional wet coffee processing plants represent an significant risk for ecological
systems and that CWW treatment is mandatory.! Etiégni et al.3! reported a decrease in BDO in
the range 78-88% and of COD from 83 to 91% by using electrocoagulation. COD reductions
between 55 and 60% were reported by Zayas Péerez et al.* with the use of conventional
coagulation-flocculation processes. The use of alternative coagulants (Moringa oleifera seed
extracts) allowed to reduce the total solids from 8% to 54% with a COD removal yield from 1% to
25%.2 The rest of parameters (e.g. conductivity, nitrates and phosphates) were within the

permitted limits in the legislations referred in Table 2.
The SUPRAS treatment (with both amphiphiles at optimal modelled values) generated a positive

and significant effect in BOD, TSS and conductivity (p<0.05) and improved the values for pH and
DO.
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Table 2. Water quality parameter values in the untreated and valorized coffee wastewater (CWW) and recommended or mandatory

quality standard parameters for surface waters.

CWW after CWW after a8eU quality PUS-EPA standards  °Colombian quality
Parameter Raw CWW Hexanol-based Decanoic acid-  standards for for discharge of standards for
SUPRAS based SUPRAS surface waters pollutants into inland occasional
extraction extraction surface waters discharge of CWW
DO (mg L) 3.6+0.4 4.10 +0.01 40+0.2 225 - -
BOD (mg L) 120+ 1 13+1 54 + 2 <1-10 <30 <400
COD (mg L) 1255+ 70 1826 + 60 2500 + 82 <1-40 <250 <650
pH 3.70£0.02 4.10 + 0.06 3.91+£0.05 5.5-9.0 5.5-9.0 5-9.0
TSS (mg LY 2279 + 210 1139 + 97 1238 + 98 <50 <100 <400
Conductivity ( uS/cm) 444 + 16 145 + 10 149 + 1 <1000 - -
0.5-0.7 <10 Analysis and
Phosphates (mg L?) <1 <1 <1 reporting
<50 <5 Analysis and
Nitrates (mg L?) <10 <10 <10 reporting

Sources: #¢See section 3.5. @Concentration ranges for quality parameters depend on the category for surface water according to the treatment

method required for transformation in drinking water.
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Thus, extraction of bioactive compounds from CWW with hexanol-based SUPRAS reduced BOD
in 89%, TSS in 50% and conductivity in 67%, whereas using decanoic acid-based SUPRAS the
reductions were 55% for BOD, 45% for TSS and 66% for conductivity. TSS gives a measure of
the turbidity of the water and may lead to negative impacts in the ecosystem, because the light
penetration is reduced, as a consequence the photosynthesis also do it and the primary
production reduces food availability for aquatic organisms.* On the other hand, the pH and DO of
the untreated CWW slightly increased up to 3.9-4.1 and 4.0-4.1, respectively, under SUPRAS-
based extraction. COD was the only parameter that increased for the raw CWW after extraction
with SUPRAS, the increase being much higher for decanoic acid (99%) than for hexanol (45%).
This increase was the consequence of the partition of the amphiphile and ethanol to the CWW.

4. Conclusions

Despite the vast amount of CWW being continuously produced during harvesting/processing
periods, there are still not many approaches to valorize and treat these effluents and to prevent
the consequent pollution. In this study we proved the suitability of supramolecular solvents to
valorize the CWW by the recovery of bioactives, such as caffeine and antioxidants compounds.
A major advantage of using SUPRAS for this purpose is that their components can be selected
to be food authorized ingredients which facilitates the application for the development of
nutraceutical products. On the other hand, SUPRAS extracts were stable against time (2 months)
and temperature (4-24 °C) and the procedure was simple and could be carried out in an energy-
less procedure by just mixing the wastewater with the SUPRAS ingredients. Thus, phase
separation occurred spontaneously (SUPRAS staying at the top because of its lower density) and
a passive extraction time of 20 min was enough to reach the equilibrium. Additionally, SUPRAS
extraction improved most of the CWW quality parameters (e.g. BDO, DO, pH TSS and
conductivity), which can help to reduce the effort in the subsequent mandatory CWW treatment.
Finally, SUPRAS efficiency is not expected to be influenced by matrix components?* so that this

procedure would be easily transferrable to any coffee wastewater.

The two SUPRAS investigated were quite similar in extraction yields and antioxidant activity,
however, because of the higher concentration of ingredients used for the decanoic acid-based
SUPRAS under optimal extraction conditions, less improvements in water quality parameter were

obtained compared to the hexanol-based SUPRAS (see Table 2). On the other hand, removal of
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SUPRAS ingredients (i.e. hexanol and ethanol) in the extract containing the bioactives is simpler
in the hexanol-based SUPRAS.

Further research should focus on the reduction of the SUPRAS ingredients partitioning into the
CWW. In this respect, recent developments of SUPRAS made up of chemically stable
nanostructures, which minimize the presence of solvent residues in the treated water®? are very

promising.
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SUPPLEMENTARY INFORMATION

Supramolecular solvents for the valorization of coffee wastewater

Laura Sofia Torres-Valenzuela®®, Ana Ballesteros-Gomez 2, Johanna Serna®, Andrea
Arango®, Soledad Rubio?

Figure S1. Standard curve for caffeine (LC-UV, 254 nm)
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Calibration curve statistics; y= 27,219 +1110: R?= 0.9998
Coefficients  Standard Error Lower 95% Upper 95%
Intercept 1109.9 3946.1 -9846.3 12066.2
Slope 27219.5 142.1 26824.9 27614.1
Statistics
ANOVA
df SS MS F Significance F
Regression 1 1.49724E+12 1.49724E+12 36675.4  4.45988E-09
Residual 4 163296573.5 40824143.36
Total 5 1.4974E+12

df: degrees of freedom; SS: sum of squares; MS: mean squares; F: calculated F for the null
hypothesis (linear regression not significant) as MSreg/MSres; Significance F: associated
p-value (linear regression significant for Significance F <0.05)
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Figure S2. LC-UV chromatograms of A) a standard of caffeine (10 mg/L), B) the coffee

wastewater (CWW), C) hexanol-SUPRAS extract of CWW, optimal conditions and D)

decanoic acid-SUPRAS extract of CWW, optimal conditions. Caffeine peak appearing
at 6.5 min. B, C and D were diluted 12 times before injection.
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Figure S3. Extraction of caffeine by SUPRAS from CWW under resting conditions,
expressed as mg of recovered caffeine per liter of wastewater against time (3.5-30
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Table S1. Absorbance values for ABTS™ antioxidant activity (AA) of SUPRAS extracts.
AA(%)= Abso-Abszo/Abse*100, where Absg is the absorbance of ABTS" reagent solution
at time zero and Abszo is the absorbance of the reagent in the presence of SUPRAS
extracts (previously diluted in 1:10 with methanol) at 30 minutes of reaction.

AbsO

Replicate 1 0.709
Replicate 2 0.703
Replicate 3 0.710
Average

SD

SDR

Abs30
(hexanol
SUPRAS

extract)

0.321
0.353
0.320

Abs30
(decanoic
acid
SUPRAS
extract)
0.411
0.416
0.415
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AA %
(hexanol
SUPRAS

extract)

54.7
50.2
54.6
53.2
2.6
4.8

AA %
(decanoic
acid

extract)

42.03
41.33
42.00
41.8
0.4
0.9



Table S2. Degradation kinetics (zero-order, first-order and second-order) of caffeine in 1-
hexanol-based SUPRAS at different temperatures. CA: caffeine concentration in SUPRAS

extract (mg/L)

T=4°C T=14°C T=24°C
Days CA InCA | 1/CA | Days CA InCA 1/CA Days CA InCA | 1/CA
0 122 4.80 [0.008( O 122 4.80 0.008 0 122 4.80 | 0.008
1 112 472 {0.009( 1 103 4.64 0.010 1 110 4.70 | 0.009
2 115 4.75 | 0.009( 2 117 477 0.009 2 117 4.76 | 0.009
6 105 4.66 [0.009( 6 104 4.65 0.010 6 105 4.65 | 0.010
9 108 4.68 |0.009| 9 99 4.60 0.010 9 106 4.67 |0.009
16 112 4.72 |0.009( 16 115 4.74 0.009 16 116 4.75 | 0.009
23 106 4.67 |0.009| 23 107 4.67 0.009 23 104 4.64 |0.010
30 109 4.69 |0.009| 30 115 4.75 0.009 30 112 4.72 |0.009
50 113 4.73 [ 0.009( 50 116 4.75 0.009 50 109 4.69 |0.009
60 113 4.73 |0.009( 60 113 4.73 0.009 60 111 4.71 |0.009

Table S3. Degradation kinetics (zero-order, first-order and second-order) of caffeine in
decanoic acid-based SUPRAS at different temperatures. CA: caffeine concentration in
SUPRAS extract (mg/L)

T=4°C T=14°C T=24°C
Days| CA [InCA|1/CA|Days| CA [InCA| 1/cA [Days| CA [IncA| 1cA
0 196 | 5.28 [0.005| 0 196 | 528 | 0005 | O 196 | 5.28 | 0.005
1 184 | 5.21 [0.005| 1 190 | 5250005 | 1 179 | 5.19 | 0.006
5 180 | 5.19 |0.006 | 2 176 | 517 | 0.006 | 2 185 | 5.22 | 0.005
6 172 | 5.15 [0.006 | 6 176 | 5.17 | 0.006 | 6 172 | 5.15 | 0.006
9 170 | 5.14 [0.006 | 9 160 | 5.08 | 0.006 | 9 170 | 5.14 | 0.006
16 187 | 5.23 [0.005| 16 181 | 5.20 | 0.006 | 16 185 | 5.22 | 0.005
23 167 | 5.12 |0.006 | 23 170 | 5.14 | 0.006 | 23 170 [ 5.14 | 0.006
30 170 | 5.14 [0.006 | 30 188 | 5.24 | 0.005 | 30 181 | 5.20 | 0.006
50 186 | 5.23 | 0.005 | 50 188 | 5.24 | 0.005 | 50 175 | 5.16 | 0.006
60 185 | 5.22 | 0.005| 60 180 | 5.19 | 0.005 | 60 178 | 5.18 | 0.006
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Figure S4. Degradation kinetics of caffeine in 1-hexanol-based SUPRAS. CA: caffeine concentration in SUPRAS extract (mg/L). CA (zero-order

plot), InCA (first-order plot) and 1/CA (second-order plot) are plotted for each temperature against time (0-60 days).
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Figure S5. Degradation kinetics of caffeine in decanoic acid-based SUPRAS. CA: caffeine concentration in SUPRAS extract (mg/L). CA (zero-

order plot), INCA (first-order plot) and 1/CA (second-order plot) are plotted for each temperature against time (0-60 days).
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Table S4. ANOVA (two factors) for caffeine content in 1-hexanol-based SUPRAS. Time:
0-60 days, temperature: 4, 14 and 24 °C

ANOVA

Source of

Variation SS df MS F P-value F crit
Time 2182.895 9 242.543 12.289 5.21806E-06 2.456

2.911 2 1.455 0.073 0.929 3.554
Temperature
E 355.236 18 19.735
rror
2541.043 29

Total 2182.895 9 242.543 12.289 5.21806E-06 2.456

SS: sum of squares; df: degrees of freedom; MS: mean squares; F: calculated F for the null

hypothesis (not significance) as MSreg/MSres; Significance F: associated p-value (Significance F

<0.05)

Table S5. ANOVA (two factors) for caffeine content in decanoic acid-based SUPRAS.
Time: 0-60 days, temperature: 4, 14 and 24 °C

ANOVA

Source of

Variation SS df MS F P-value F crit
Time 1939.367 9 215.485 8.044 0.0001 2.456
Temperature 9.866 2 4.933 0.184 0.833 3.554
Error 482.133 18 26.785
Total 2431.367 29

SS: sum of squares; df: degrees of freedom; MS: mean squares; F: calculated F for the null

hypothesis (not significance) as MSreg/MSres; Significance F: associated p-value (Significance F

<0.05)
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CONCLUSIONES

La investigacion desarrollada en esta Tesis Doctoral ha tenido como objetivo el disefio y
aplicacion de disolventes supramoleculares a procesos de extraccion de componentes
bioactivos (polifenoles, alcaloides y antimicrobianos) de residuos agricolas. En concreto
estos residuos proceden de la produccién de café especial de Colombia. Se proponen asi
estrategias de valorizacibn como alternativa de generacion de valor agregado y/o

tratamiento de residuos en la agrocadena del café.

Los disolventes evaluados fueron producidos a partir de sustancias anfifilicas utilizando el
autoensamblaje como ruta de sintesis espontdnea y economica y el agua como agente
coacervante biocompatible. Se abordaron tres tipos de residuos; borras, pulpa y aguas
residuales. La tabla 1 resume las caracteristicas mas relevantes de las metodologias
propuestas asi como la composicion y propiedades beneficiosas de los extractos SUPRAS
obtenidos.

Todas las metodologias desarrolladas presentaron elevada eficiencia para la extraccion de
compuestos bioactivos de interés, fueron simples y rapidas y se desarrollaron a temperatura

ambiente, todo lo cual las convierten en idéneas para su aplicacion a nivel industrial.

Los SUPRAS desarrollados cumplen con los principios de la quimica verde, ya que son
aptos para aplicaciones alimentarias por el uso de reactivos (anfifilos y disolventes)
clasificados como “Generalmente Reconocidos como Seguros” (GRAS) y permiten la
valorizacién de residuos en un sector productivo de importancia a nivel mundial, con
prevalencia en paises en via de desarrollo, como es la produccion de café especial en

Colombia.
Existe una escasa aplicacion de los SUPRAS en este ambito hasta la fecha, por lo cual el

desarrollo de esta Tesis Doctoral abre nuevas lineas de investigacion con impactos

significativos a nivel econdmico, social y ambiental.
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Tabla 9. Resumen de las metodologias desarrolladas

Borras

Pulpa

Aguas residuales

Origen

del

residuo de café

Preparacion de la bebida

Tratamiento primario,
via humeda

Tratamiento primario,
via humeda

Compuestos

Cafeina: 3.32 mg g**

Cafeina: 3.6+0.3 mg

Cafeina: ~54-65 mg L

bioactivos en el 5-CGA: 4.3 mgg? g? agua residual
extracto de Polifenoles totales : 60.1 Acido protocatéquico:
SUPRAS (peso mg 5-CGA g (5-CGA, n- 0.9+0.1 mg g?
seco) O-dicaffeoyl quinic acids, Acido galico:
n-O-feruloylquinic acids, 0.25+0.02 mg g*! 5-
n-O-caffeoylquinic acids, acido 5-CGA:
n-O-feruloylquinic 0.13t0.01 mg gt
lactones, n-O- Rutina: 30.5+2 ug g7,
coumaroylquinic acids, n- 5-O- acido
O-caffeoylshikimic  acid feruloilquinico:
and n-O-caffeoylquinic 17.3+0.5 pg g-1,
lactones) 3-0O-acido
cumaroilquinico:
13.4+0.4 pg g, p-
acido cumarico:
45+0.1 pg g%, acido
cafeico: 2+0.2 ug g7,
n-O-4cidos
dicafeoilquinicos:
1.6+0.1 ug g7,
4-CGA: 1.1+0.05ng g
1, 3-CGA: 0.34+0.04
Mg g! 3-O-acido
feruoilquinico:
0.4+0.03 ug g*
Otras Capacidad antioxidante: Capacidad Capacidad
propiedades en 21 + 3% DPPH, 68 + 4%, antioxidante: 45+1% antioxidante: 41.5-
el extracto de FRAP, 405 * 6 pM DPPH, 91+4% ABTS. 52.5+£3% ABTS
SUPRAS TEAC/g (ABTS)
Capacidad
antimicrobiana: MIC 20-
40 mg extract/mL for B.
cereus, 5 mg extract/mL
for S. aureus, 10-20 mg
extract /mL for E. Coli and
20-60 mg extract/mL for
S. typhi.
Tipo de 24:30:46 % viv 1- 5:224:71 % v/v &cido 17:25:58 % v/iv 1-1-
SUPRAS hexanol:etanol:agua octanoico:etanol:agua hexanol:etanol:agua
(disolucién de (sintesis in situ) (sintesis ex situ)
sintesis) 17:46:37 % vl/v 1-4cido

decanoico:etanol:agua

(sintesis in situ)
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Relacién 11:1 4:1 0.32-0.44 (% viv)
SUPRAS

(mL):muestra

(g, peso seco)

Tiempo de 1 min (3,000 rpm) 5 min (3,000 rpm) 1 min (3,000 rpm) or 30
extraccion por min (0 rpm)

muestra

Precio 18 5 0.2

(EUR)/muestra

(KgoL)

Abreviaturas: TEAC: trolox equivalent antioxidant capacity; CGA: acido clorogénico; MIC:
capacidad minima inhibitoria; ensayos de capacidad antioxidante: DPPH (técnica basada en el
radical 2,2-Difenil-1-Picrilhidrazilo), ABTS (técnica basada en el radical 2,2'-azinobis (3-
etilbenzotiazolina-6-sulfonato), FRAP (técnica de El Potencial Reductor Férrico).

aPrecios estimados segun plataformas online de venta de productos quimicos industriales de
calidad alimentaria para pedidos de al menos 1 tonelada.

Las conclusiones especificas mas relevantes relacionadas con las actividades
desarrolladas en cada uno de los capitulos incluidos en la Memoria de la Tesis se comentan

a continuacion.

Capitulo I: Disolventes verdes para laextraccién de compuestos de alto valor afiadido

a partir de residuos agroalimentarios

e La revision bibliogréfica sobre los disolventes verdes empleados en la extracciéon de
compuestos bioactivos de residuos agroindustriales evidencia la importancia de esta
linea de investigaciéon a nivel mundial.

e Existe una necesidad urgente de valorizar los altos volimenes de residuos agricolas
generados a escala global utilizando alternativas rapidas, econdémicas y con bajos (o
nulos) impactos ambientales.

e La comparacion critica de las principales caracteristicas, ventajas y desventajas de los
distintos disolventes verdes (fluidos supercriticos, liquidos iénicos, liquidos eutécticos,
bio-disolventes y SUPRAS), con particular énfasis en su aplicabilidad industrial (costos,
toxicidad, etc.), pone de manifiesto el alto potencial de los SUPRAS para la valorizacion
de residuos mediante la extraccion de compuestos bioactivos, debido a la alta eficiencia

proporcionada, y bajo costo de operacion.
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Capitulo II: Valorizacion de borras de café mediante la extraccién de compuestos

bioactivos con disolventes supramoleculares

La valorizacién de borras de café, uno de los subproductos mas abundantes en el
procesamiento del café (se generan alrededor de 6 millones de toneladas anualmente) se
investigo utilizando varios tipos de SUPRAS sintetizados a partir de dos anfifilos de diferente
grupo funcional y aceptados como aditivos alimentarios: un alcohol (1-hexanol) y un &cido
carboxilico (acido decanoico). El proceso de coacervacion se realizé adicionando agua a
suspensiones coloidales de los anfifilos en etanol (disolvente prético) y THF (disolvente

aprotico). Las conclusiones mas relevantes obtenidas en este estudio son:

e Los SUPRAS constituidos por 1-hexanol presentaron mejores rendimientos de
extraccion para los compuestos bioactivos considerados mayoritarios en borras de café
(cafeina y acido 5-clorogénico), comparado con los constituidos por acido decanoico.
Este comportamiento puede ser atribuido a que los enlaces por puente de hidrégeno
son mas energéticos para l-hexanol debido a la menor longitud de su cadena
hidrocarbonada.

e El medio utilizado para el proceso de coacervacion del compuesto anfifilico también
influy6 en el rendimiento de extraccion de los compuestos bioactivos seleccionados; fue
mayor en mezclas etanol-agua comparada con mezclas THF-agua. Este
comportamiento se explica en base a la mayor capacidad enlazante del etanol
(aceptor/donador de puentes de hidrogeno) comparada con la de THF (aceptor de
puentes de hidrégeno).

e Los extractos de SUPRAS obtenidos fueron biocompatibles y recuperaron a partir de
las borras hasta 3.32 mg cafeina g, 4.3 mg &cido clorogénico g* y 60.1 mg de
polifenoles totales g, expresados como CGA.

e El proceso de valoracion fue muy simple y econdmico (agitacién de la muestra con el
SUPRAS durante 1 min y centrifugacion para la separacién del extracto).

e Los extractos mostraron un alto poder antioxidante por medio de varios ensayos (DPPH,
ABTS y FRAP) y cierta capacidad antimicrobiana respecto a microorganismos de
importancia en la industria alimentaria como S. aureus, B. cereus, S. enterica y P.

putida.
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Capitulo Ill: Extracciéon de compuestos bioactivos de pulpa de café empleando

disolventes supramoleculares

En las investigaciones incluidas en este Capitulo se evalud la extraccién de compuestos
bioactivos a partir de cascara seca de café (coffee cherry pulp), otro de los principales
residuos del procesamiento del café, empleando SUPRAS formados por acidos carboxilicos
de diferente longitud de cadena (Cs y C10) en mezclas de etanol:agua. La extraccion se llevo
a cabo adicionando a la muestra el volumen adecuado de SUPRAS y de la disolucion de
equilibrio generada durante el proceso de sintesis. Las conclusiones més relevantes de

este estudio son:

¢ El rendimiento de extraccién para las sustancias bioactivas mayoritarias en el residuo
(cafeina y acido protocatéquico) fue superior para SUPRAS constituidos por acido
octanoico debido a la mayor energia de los puentes de hidrégeno establecidos con los
solutos comparada con 4cido decanoico.

o Eluso de la disolucién de equilibrio en la fase extractante permitioé la humectacion de la
muestra y por tanto, la reduccién del volumen de SUPRAS requerido para la extraccion.

e Los extractos de SUPRAS obtenidos fueron biocompatibles y recuperaron a partir de
las cascaras hasta 3.6+0.3 mg cafeina g* y 0.9+0.1 mg acido protocatéquico g™.

e El rendimiento de extraccién obtenido fue entre 7 y 11 veces superior al obtenido con
disolventes organicos convencionales, incluyendo etanol, metanol, acetona vy
acetonitrilo.

e Los extractos de SUPRAS, evaluada mediante dos métodos, presentaron una elevada
actividad antioxidante (45% para DPPH y 91% para ABTS).

Capitulo IV: Disolventes supramoleculares para la extraccion y pre-tratamiento de

aguas residuales de la transformacién primaria del café

En las investigaciones desarrolladas en este Capitulo, se aplicaron SUPRAS de agregados
hexagonales inversos de 1-hexanol y acido decanoico, producidos espontaneamente en
mezclas etanol-agua residual, para la valorizacion y tratamiento de las aguas residuales

procedentes del procesamiento himedo de café especial de Colombia. Se estima que se
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generan alrededor de 40-45 L de agua residual por kg de café procesado. Las conclusiones

mas relevantes de este estudio son:

e Los dos tipos de SUPRAS investigados mostraron una eficacia de extraccion similar
para cafeina, permitiendo la recuperacion de 53-64 mg por litro de agua residual.

e La cafeina fue estable en los extractos de SUPRAS durante al menos 2 meses en el
intervalo de temperaturas investigado (4-14 °C).

e Los extractos de SUPRAS mostraron una buena capacidad antioxidante por el ensayo
ABTS (de hasta 52%).

o El procedimiento de extraccibn puede realizarse mediante simple agitacion, sin
necesidad de centrifugacion para separar el SUPRAS del agua residual, lo cual favorece
el escalamiento del mismo a nivel industrial.

o En el proceso de extraccién se mejoraron algunos parametros de calidad del agua tales
como demanda bioldgica de oxigeno, sélidos en suspension y conductividad, lo que
supone un pretratamiento simultaneo de los residuos.

e Los pardmetros de calidad del agua residual después del proceso de valorizacion,
fueron mejores para el SUPRAS sintetizado a partir de hexanol.

Como perspectivas futuras, proponemos las siguientes lineas de investigacion a continuar
en base a los resultados de esta Tesis y que estan especialmente orientadas a posibilitar

la implantacion industrial de estos desarrollos preliminares:

e Estudio en mayor extension de la capacidad de los SUPRAS para la estabilizacion y
almacenamiento de compuestos bioactivos poco estables, como los carotenoides,
propensos a la oxidacion.

e Desarrollo de técnicas posteriores a la extraccion para el
enriquecimiento/preconcentracion de los compuestos bioactivos en los extractos de
SUPRAS.

e Desarrollo de técnicas de encapsulacion y estabilizacion basadas en oleorresinas y
“lipid nanocarriers” a partir de los extractos de SUPRAS para su posterior
implementacion industrial.

e Estudios de toxicidad, biocompatibilidad y absorcion intestinal de los productos finales

a comercializar.
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Supramolecular solvent extraction for valorization of coffee husks
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Abstract

The agricultural world production is continuously increasing every year as a result of the rising global demand for food and generates
billion tons of by-products each year. The disposal of agn-waste 15 a growing 1ssue that can cause phytosanitary problems and cross-
contamination in food industries. As a consequence, new strategies to manage or benefit from agri-waste are urgently needed. One of
the most promising options 15 to valorize the bioactive components presents in the by-products that may have applicability in
functional foods and nutraceutical developments. Among raw materials, coffee stand outs as one of the most valuable primary
products in world trade because of the high consumption of coffee beverage. The coffee industry generates about 2 billion tons of
agri-waste which represent a great pollution hazard (Iriondo-DeHond et al., 2018). Depending on the processing method, either wet or
dry, coffee pulp and husks are the first by-products and account for 29% and 12% of the overall coffee cherry (Janissen et al, 2018).
Coffee by-products have been of interest as substrates for biofuels, composting, extraction of bioactive compounds such as caffeine,
tannins, cyvanidins and polyphenols and to obtain extracts with prebiotic, antimicrobial and antioxidant properties.

Supramolecular solvents (SUPRAS) are green solvents made up of assembled aggregates of amphiphiles dispersed in a continuous
phase (agueous or hydro-organic phase) {Caballo et al, 2017). The synthesis 15 made by a simple two-step self-assembly and
coacervation process. First, amphiphiles spontanecusly assemble into tridimensional individual aggregates (mainly micelles and/or

vesicles). The second stage penerates a new highly packed phase by the assembly of the aggregates into a nano- or micro-structured
ligud (SUPRAS phase). This second phase 1s tnggered by an external stimuli or coacervating agent (change of pH, temperature,
addition of salt or addition of a poor solvent for the amphiphile) that dimimshes the repulsion among the aggregates and promotes
their assembly. The SUPRAS phase remains in equilibrium with the bulk solution, which contains the amphiphile at a low critical
aggregation concentration. SUPRAS can be extracted and stored if required (keeping its structure and properties) for application to
solid samples or stabilization of compounds or applied together with the equilibrium solution, which acts as dispersion phase for the
matrix and as sink of interferents. SUPRAS have shown a wide applicability to a vanety of compounds of very different nature and
polarity, given the multiple binding interactions capacity that 15 conferred and tuned by switching the functional groups of the
amphiphile and the dispersion solvent (ionic, anionic, hydrogen bonds, dispersion interactions, etc.). Their special internal structure
creates also microenvironments of different polarity and restricted access properties for the exclusion of macromolecules, which are
many time interferents in extraction processes. The extraction of high-value bioactive compounds using SUPRAS constitutes an
economically attractive alternative for the valonzation of coffee by-products due to the potential of high extraction efficiency for a
variety of compounds, rapidity, simplicity and low-cost synthesis (room temperature, low consumption of cheap reagents). SUPRAS
can be also considered green solvents due to their low volatility, flammability and low toxieity. In this study, we investigate the
suitability of SUPRAS for the valonzation of dry coffee husks in terms of caffeine content, total polyphenolic content and antioxidant
activity.

Keywords: supramalecular solvents, green solvents,caffee, by-productsantioxidant, valorization

462

216




APENDICES

POSTER NACIONAL

2019

Soximed lupmtioia de Quimica Analitica

XXIl REUNION DE LA SOCIEDAD ESPANOLA

DE QUIMICA ANALITICA

VALLADOLID 17,18 Y 19 DE JULIO

LIBRO DE RESUMENES

UVa

217




APENDICES

ALI-P04
VALORIZACION DE BORRAS DE CAFE CON DISOLVENTES SUPRAMOLECULARES

L.S. Torres-Valenzuela, A. Ballesteros-Gomez, S. Rubio

Departamento de Quimica Analitica, Facultad de Ciencias, Universidad de Cérdoba Edificio Marie
Curie, Campus de Rabanales, 14014, Cérdoba (Espafia)
ana ballesteros{@uco.es

El café es la sequnda bebida mas consumida a nivel mundial. Se cultiva en alrededor de 80 paises,
de los cuales el 90% son paises en vias de desarrollo. Para producir una taza de café se genera un
95% de biomasa residual. En estos residuos se encuentran sustancias bioactivas que pueden ser de
interés para nuevos procesos ylo productos, permitiende de esta manera disminuir los impactos
negativos del desecho de residuos y generando un valor afiadido a la agrocadena del café. La
extraccién con fluidos supercriticos o extraccion con disolventes organicos asistida por ultrasonidos o
microondas o utilizando elevadas presiones o temperaturas han sido las técnicas mas investigadas
para su valorizacién. En este estudio se emplean disolventes supramoleculares (SUPRAS) [1] como
un alternativa sostenible, econdmica y eficiente para la valorizacion de los residuos de café. Los
SUPRAS son liquidos nanoestructurados que ofrecen miltiples interacciones y sitios de unidn para la
extraccion de compuestos en una amplia polaridad y que se caracterizan por baja volatilidad,
inflamabilidad y toxicidad.

Entre los compuestos con interés funcional presentes en residuos de café, la cafeina y los acidos
clorogénicos son los de mayor interés. La cafeina tiene efecto estimulante del sistema nervioso
central y los acides clorogénicos (CGAs) son compuestes con elevada capacidad antioxidante. Estos
tipos de compuestos bioactivos se seleccionaron como representativos para la optimizacion del
proceso de extraccion de borras de cafe himedas.

En este estudio se investigaron SUPRAS formados espontaneamente a través de autoensamblaje y
coacervacion de agregados de 1-hexanol o acido decanoico (8-24% v/v) en una fase hidro-organica
de etanol o THF {20-40 % v/v) y agua (36-72 %) para la extraccion de compuestos bioactivos de
borras de cafe humedas procedentes de la variedad Castillo cosechada en Colombia. Los SUPRAS
se sintetizaron in situ en presencia del residuo de café y se investigo la capacidad de extraccion de
los mismos para cafeina y dcido clorogénico. EI SUPRAS que produjo la maxima eficiencia de
extraccion fue el sintetizado a partir de 24% viv 1-hexanol, 30% etanol v/v y 46% agua viv. El proceso
consistio en agitacion de la mezcla durante 1 min a 3,000 rpm y centrifugacion para la separacion del
residuo del extracto de SUPRAS. Estos extractos mostraron altos contenidos en cafeina (3.3 mg.g'1] y
5-CGA (4.3 mg.g'1), elevado valor en polifenoles totales (60 mglg), asi como alta actividad
antioxidante (evaluada con diferente métodos: DPPH, FRAP, ABTS) y cierta actividad antimicrobiana,

especialmente ante bacterias gram-negativas (3. enterica and P. putida.).

En base a estos resultados podemos concluir que los SUPRAS presentan una alternativa verde y
viable para la valorizacion de borras de café.

[1] Ballesteros-Gomez A, Sicilia MD, Rubio 5. Supramolecular solvents in the extraction of organic compounds. A review, Anal
Chim. Acta. 2010, 677:108-130. doi:10.1016/.aca.2010.07 027.
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DISOLVENTES SUPRAMOLECULARES: UNA ALTERNATIVA VERDE
PARA EL APROVECHAMIENTO DE RESIDUOS DEL CAFE

Laura Sofia Torres-Valenzuela™® Ana Ballesteros-Gomez”, Soledad Rubio®
'DE'DEu"I'ﬂI‘i"IEﬂI'CI oe Guimics Angiftica, Facwitad de Cienclas, Uinversidad de Cdroloha, Ediicio Anexs i4arie
Curle, Campus de Fs“ehar.\afes 14071, G-‘.'h"[!ﬂﬂe (Espaifia), aﬂi‘ﬂﬂlﬁ"i"ﬂ&@u” 25
Einiversidad La Gran Colombis Seccional .A.'menra Ciudsdels del Saber La Santa Marls, km 7 via
Armenda — La Tebaida, .-ﬁ.rrmm?a Colombia

El café es un producio de importancia a nivel mundial, puesto que es la segunda bebida mas
consumida y es cultivado en cerca de 30 paises (80% en vias de desammolle). Para producir una
taza de café == genera un 25% de biomasa residual. En estos residucs se encusniran
sustancias bicactivas gue pueden ser de interés para nuewos procesos yo productos,
permitends de esta manera disminuir los impactos negatives del desecho de residuocs y
generando un valor afiadido a la agrocadena del café,

En este estudio se emplean disclventes supramoclecularss (SUPRAS) como un alemativa
verde, barata y eficiente para |a valorizacion de los residucs de café con respecto a las técnicas
convencionales basadas en disclventes organicos o fluidos supercriicos. Los SUPRAS son
liguidos nanocestruciurados que ofrecen miltiples interacciones y sitios de union para la
extraccion de compuestos en una amplia polandad y que ofrecen caracterisficas de baja
volatilidad, inflamabiidad y toxicidad.

Enfre los compuesios con interés funcional presentes en residucs de café. encontramos ka
cafeina y la catequina. La cafeina tiene efecto estimulante del sistema nenvioso central y ka
catequinag es un compuesto con alta capacidad antioxidante. Para la extraccion de estos
compuestos a partir de cascaras de café secas se emplearon SUPRAS biocompatibles
formados espontaneaments a traves de autoensamblaje y coacervacion de agregados inversos
de acido octanoico en una fase hidro-organica de etanol y agua. Adicionalmente se realizaron
extracciones con los disclventes convencionales etancl, acetona, metanol y acetate de efilo,
con fines comparativos.

El proceso de extraccion se micid con la sintesis del SUPRAS en el cual se obtienen fras ka
centrifugacion, dos fases, la fase superior de SUPRAS ¥ Iz fase de disohucion de equilibrio
(DE). Ambas fueron empleadas en el proceso de extraccion, la segunda con el fin de mejorar ks
dispersion de la muestra. Las condiciones optimas fueron de 0.13 mL de DE y 0.67 mL de
SUPRAS por 200 mg de muestra (valores escalables para procesos industriales) y 5 minutos
con agitacion continua en vortex a 3000 rpm. A los extractos obienides se les midic &
contenido en cafeina, catequina, poffencles totales por &l meétodo de Folin-Ciocalteau v
antioxidantes por ABTS. La extraccion disolventes tradicionales se realizo siguiendo el mismao
procedimisnto.

Los walores de cafeina ¥ catequina con SUPRAS fueron de 0.14 mgg” vy 087 mgg’.
respeciivamente. Los rendimientos de extraccion fueron notablemente superiores gue I-:E.
obitenidos con disoiventes tradicionales, los cuales fueron maximos para metanol (0.052 mg.g™.
0.201 mg.g') v minimos para acetona (0.004 mp.g’, nd). Los extractos de SUPRAS
presentaron un contenide en polifencles de 310 mg GAE.L™ y una capacidad antioxidante del
60%. En base a esios resultados se puede concluir gue los SUPRAS son una aliemativa
inocua y de alta eficiencia para el aprovechamiento integral de ciscaras de café a través de la
extraccion de compuestos bicactivos que pueden ser empleados como aditivos en La industria
farmacéutica, cosmética, alimentaria y quimica.

Agradecimientos: Los auwtores agradecen el apoyo financiero del Ministerio Espaficl de
Ciencia, lnnovacion y Universidades (Proyecto CTQ2017-83323R). AB.G agradece su beca
Raman y Cajal (RYC-2015-18482)
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