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Resumen de la Tesis.

La finalidad de esta Tesis doctoral es el estudiolad recuperacion de los componentes
responsables del aroma de sustancias naturales.cdamsentrados aromaticos son muy

utilizados actualmente en la Industria Alimentadaque el aroma en un factor determinante
en la eleccién y la aceptacion del alimento potepde los consumidores. En este sentido, los
consumidores demandan cada vez mas aromas natwateadiendo como tales aquellos

obtenidos mediante procedimientos fisicos, enzanatio microbiolégicos a partir de una

materia prima de origen animal o vegetal.

Varios subproductos de la industria del marisceraplean como fuente de aromas naturales:
caparazones, pinzas, patas y demdas subproductosconmestibles resultantes del
aprovechamiento de la carne de buey de mar, asi tmcaldos de coccidn del crustaceo ya
mencionado.

Para llevar a cabo este propdésito, existen vagasotogias para la extraccion de aromas
naturales, entre ellas, la mads cominmente utilizzdda actualidad es la destilacién por
arrastre de vapor. No obstante, el consumo eneogéé este proceso es elevado vy, en este
sentido, es importante la busqueda de procesangass que cumplan con los principios de
la llamada “ingenieria verde”. Por tanto, se pregodos procesos de separacion alternativos,
la pervaporacién y la extraccion con fluidos supdcos, que en los ultimos afios han
suscitado un enorme interés en la Industria Aliergaidebido a las ventajas tecnoldgicas que
ofrecen.

Los procesos de pervaporacioson de aplicacion reciente comparados con proc&sisos

de membranas como la microfiltracién o la ultredition. La pervaporacion con membranas
hidrofobicas se presenta en los Ultimos afios coltenativa eficaz, frente a procesos
clasicos de destilacion o extraccion con disolhv&npara la separacién y concentracion de
componentes organicos diluidos en medios acuosesddDel punto de vista industrial, la
pervaporacion con membranas hidrofébicas permii@nabr simultdneamente dos objetivos:
medioambientalmente logra la reduccién de compeestganicos en las corrientes liquidas
residuales en los procesos de produccion y desdeumto de vista econdmico logra
concentrados aromaticos potencialmente atractinda éhdustria Alimentaria. El empleo de
membranas hidrofébicas en procesos de pervaporaeita procesar mezclas liquidas, que
contienen compuestos volatiles de alto valor, coaeda la obtencién de un permeado
enriquecido en dichos compuestos. Durante el d#kade esta parte de la Tesis doctoral, se
ha efectuado un estudio termodinamico previo dectoaponentes volatiles en disolucion
acuosa, encaminado al conocimiento de su compatamien el intervalo de dilucidén
infinita. Posteriormente, se ha llevado a cabcstidio y optimizacion de los pardmetros del



proceso de pervaporacion con membranas diferentparts de disoluciones sintéticas
formadas por aromas que presentan una contribirojgortante en el aroma de buey de mar,
Asimismo se ha realizado el estudio de estos parésheon los caldos de coccion
procedentes de la industria.

La extraccion con fluidos en condiciones supercriticaBa demostrado ser una alternativa
real para la obtencion de aceites esenciales yeotnaclos aromaticos. La mayoria de los
compuestos responsables de los aromas de las@astaaturales presentan una volatilidad
elevada y se suelen extraer bien con diéxido dsooarsupercritico. El didoxido de carbono es
el disolvente supercritico més utilizado, ya queesotdxico y permite operar a presiones
moderadas y cerca de temperatura ambiente. Se dangpono un disolvente lipofilico que, a
diferencia de los disolventes liquidos, tiene lata@ de que su poder disolvente se puede
ajustar simplemente cambiando sus condiciones e&dor y temperatura. En el estudio del
proceso de extraccion de los componentes volatkesbuey de mar a partir de los
subproductos sélidos ya mencionados, se ha detimita influencia de las variables de
operacion (presion de extraccion, temperatura dea@ion y presion en el proceso de
separacion) sobre el rendimiento final del procesdendiendo como tal la cantidad y el
namero de componentes volatiles recogidos al filel proceso. Asimismo, la presion y
temperatura de extraccion son parametros muy impi@s ya que definen la capacidad
disolvente del dioxido de carbono y, por tanto,tém la posibilidad de co-extraer sustancias
indeseadas que afectan directa o indirectameratecalitiad final del producto. La presién en
el separador es un parametro determinante en éintemto de la extraccion debido a la
elevada presion de vapor de estos compuestos gopeiguiente, la elevada solubilidad que
muestran por el diéxido de carbono en condicionesreriticas, dificultando en gran medida
el proceso de separacion de las sustancias dédnter



Thesis abstract.

The scope of the Thesis project is the recoveth@fchemical components responsible of the
aroma of natural substances. Nowadays the aromzentates are widely employed in the
Food Industry, since food aroma is a determinantofain consumer’s food choice and
acceptance. In this sense, the consumer demamatioral aromas is continuously increasing,
defined as those substances obtained through jphyssozymatic and microbiological
processes from an animal or vegetal material.

Some by-products of the shellfish processing inguatere reused as a natural source of
aroma compounds: carapaces, claws, viscera andmthesdible by-products resultant after
brown crab meat processing and the juice obtaiftedthe boiling process.

Several technological processes have been empfoydiake isolation of natural aromas, being
widely used steam distillation. Nevertheless, thergy consumption is high and, therefore, it
is important to develop new sustainable proceskas ¢comply the principles ofireen
engineering.Thus, two separation processes, pervaporatiorsapercritical fluid extraction,
that have aroused interest in the last years heee studied in this Thesis.

The pervaporation processis a recent and promising technology compared \thitse
traditional membrane separation processes, suchmiasofiltration and ultrafiltration.
Pervaporation through hydrophobic membranes is ntBceconsidered as an effective
alternative to traditional processes, such as lldtsbn and solvent extraction for the
separation and concentration of organic, dilute maments in aqueous solutions. From the
industrial point of view, pervaporation makes pbksi to achieve two objectives
simultaneously: reduction of organic compoundsha industrial liquid effluents and the
collection of aroma concentrates that could be rithy useful for the Food Industry. The
utilisation of hydrophobic membranes in pervaporajprocesses to separate liquid mixtures
that contain high added-value aromatic compoundsisieto a permeate rich in organic
components. A previous thermodynamic study wasezhout to know the behaviour of these
molecules in aqueous solutions at the infinite toilu region. Subsequently, the study and
optimization of the pervaporation process paramset&iom aqueous model dilute
solutions.was carried out Finally, pervaporatiaswerformed with the real effluent

The supercritical fluid extraction has demonstrated to be a real alternative foextraction

of essential oils and aroma concentrates. It carcdesidered as an technique between
distillation and extraction, since the vapor pressof the solute and its solubility in the
supercritical fluid are important parameters inflceg the performance and the selectivy of
the process. Most of the volatile compounds respta$or the aroma of natural substances



show a high volatility and are easily extractedshpercritical carbon dioxide. Carbon dioxide
is the supercritical fluid most commonly used, tais inot toxic and offers the possibility of
working at moderate pressure and temperature. ibddity, its solvent capacity can be
adjusted by changing the temperature and pressomditons. The main drawback of
supercritical fluid extraction, is the co-extractiof other substances contained in the food
matrix, which could affect the quality of the finaloduct. For this reason, it is necessary the
study of the parameters involved in the process&ximize the quantity and number of
volatile compounds extracted and to obtain therddgjuality of the final product.



1. INTRODUCCION






Introduccién

1.1 Importancia de los aromas en la Industria
Alimentaria.

En los ultimos afios, la obtencion de nuevos praduen la Industria Alimentaria esta
recibiendo un impulso considerable. Sin embarg@g panseguir la aceptacién de este tipo de
productos en el mercado, la calidad organoléptecédod mismos ha de ser elevada. En este
sentido, el aroma es una de las caracteristicas im@ertantes de un alimento y esti
directamente relacionado con su calidad y aceptamicel mercado (1, 2).

Desde el punto de vista quimico, el aroma se defineo la mezcla de numerosas sustancias
volatiles presentes en la matriz alimentaria augcentracion total puede variar desde unas
pocas partes por millébn hasta aproximadamente aQ6spor millén, siendo la concentracion
de los componentes entre partes por billon y pamoegrillon. Estas sustancias responsables
del olor llegan directamente a la regién olfativanteraccionan con los receptores olfativos
para producir un estimulo. Esta interaccion dependsoncentracion y su limite de deteccion
olfativo, definido como la concentracion mas bajdaaque un compuesto aromatico es
percibido por el ser humano.

La Comisién del Codex Alimentarius define los artimentes como aquellas sustancias

afnadidas a un alimento capaces de impartir, madificrealzar el aroma en un alimento.

Estos compuestos se emplean en la Industria Alamengeneralmente para mejorar las

caracteristicas organolépticas ya que pueden paestimersas e interesantes funciones para
este propdsito, como las siguientes:

» Generar un sabor completamente nuevo. Este heches nmabitual, no obstante
cuando ha sido logrado ha cosechado gran éxitbreareado (Coca Cola).

» Ingredientes que mejoren, amplien o realcen el araue proporcionan los
compuestos ya presentes en el alimento.

» Fortalecer o suplir los compuestos aromaticos gesddurante el procesado de los
alimentos.

Emular aromas mas costosos o reemplazar aquelldispanibles.

Enmascarar caracteristicas organolépticas mencsalles o indeseables que se
presentan de forma natural en algunos alimentos.

El estudio de la composicién de la fraccion voldél un alimento es una tarea complicada
debido al elevado numero de compuestos y su bajeotracion, la diversidad estructural y
de propiedades fisico-quimicas que presentan lstitgyentes del aroma de un alimento, asi
como de la complejidad estructural inherente a #rimalimentaria. Afortunadamente, en
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Introduccién

muchas ocasiones, la compleja composicion que mieese fraccion volatil de un alimento
puede simplificarse en un conjunto de compuestgascaaracteristicas organolépticas tienen
un gran impacto sobre el aroma final del alimer®p [os aromas que se utilizan como
aditivos alimentarios deben presentar las caratieas organolépticas del aroma de origen y
estar exentos de posibles compuestos quimicosdpggies derivados del procesado (4). En
este sentido el consumidor demanda cada vez m@ssie origen natural.

Los aromas se pueden clasificar en (5):

» Naturales, aquellos que se han obtenido a padirpobcedimientos fisicos,
enziméticos o microbioldgicos a partir de materienp de origen animal o vegetal.

» ldéntico al natural (I.N), obtenidos a parir detesis quimica, obteniendo una
molécula idéntica a la sustancia natural en lo opspecta al sabor y estructura
quimica.

» Artificial, con el fin de mejorar o reforzar el sabse obtienen moléculas

quimicamente no idénticas a la natural pero magneloi el aroma.

La demanda de sustancias aromatizantes ha expéaioetn vasto crecimiento a lo largo de
la udltima década, relacionado con la subida delmeh de ventas de las principales
compafias comercializadoras de estos productaebmundial (Figura 1.1).

25
==Total ====Diez principales empresas Otrasempresas

= N
(%] o
L L

(mil millones de US$)

Volumen de facturacion

0 T T T T T T
1998 2000 2002 2004 2006 2008 2010 2012

Afio

Figura 1.1. Volumen de ventas global asociado al sector detrargLeffingwell
and Associates).

El mercado se encuentra monopolizado por variagpafifas multinacionales que generan el
setenta y cinco por ciento del volumen global deta® de todo el mercado (Figura 1.2),
siendo las principales compafilas dos compafiiasssutivaudany Firmenich y una
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Introduccién

estadounidenselnternational Flavor and FragancesNo obstante numerosas empresas,
adaptandose a la demanda del consumidor, se erauestualmente desarrollando productos
cada vez mas innovadores, medioambientalmente tuvesps y saludables. Por ello la

investigacion y desarrollo de nuevos productosnesparte crucial dentro de las politicas de
estas empresas.

H Givaudan EFirmenich HIFF

# Symrise ITakasago dMane SA
M Sensient Technologie#$T.Hasegawa H Frutarom
u Robertet M Others

Figura 1.2. Porcentaje de ventas de las principales compafti@asercializadoras de
sustancias aromatizantes.

La metodologia analitica de la fraccion volatil Wiea matriz alimentaria ha sufrido un gran
desarrollo en las ultimas décadas (6). Al comiedezta década de los setenta Gnicamente mil
guinientos compuestos quimicos habian sido ideatifis en los diferentes alimentos, frente a
los méas de siete mil que se conocen en la actdaldlanedida que los métodos tradicionales
de separacion (extraccion con disolventes organidestilacion o destilacidén-extraccion
simultdnea) dejaron paso en los Ultimos afios &tadcas de analisis en espacio de cabeza,
un mayor numero de compuestos, con un limite decdén olfativa menor, pudieron ser
identificados. Estas técnicas son sencillas, répidarsatiles y eficientes, requieren poca
cantidad de muestra y previenen la formacién depoastos y la contaminacion de la
muestra. Posteriormente, el desarrollo de técmnasspacio de cabeza con elevada capacidad
de concentrar, basadas tanto en la acumulacioticastomo dinamica de volatiles sobre
polimeros (adsorcion y absorcion) o menos frecusotge disolventes, tuvieron un éxito
inesperado e inmediato debido principalmente a e tan simples, rapidas, faciles,
automaticas y fiables como las técnicas en esplec@abeza estaticas, pero, al mismo tiempo,



Introduccién

su capacidad de concentrar al analito era compagalal que ofrecian las técnicas en espacio
de cabeza dinamicas.

Tradicionalmente, la recuperacion de aromas nasiraé ha llevado a cabo a través de
numerosas técnicas:

> Adsorcion sobre distintos adsorbente como carbtwoac
> Extraccion con disolventes
» Destilacion por arrastre de vapor.

Con frecuencia este tipo de procedimientos presamtaonsumo energético elevado ya que
durante el proceso se llegan a alcanzar tempesadlegadas que ademas pueden afectar a la
calidad de los aromas (3). Otras desventajas gqueadede estos procesos son el uso de
disolventes toxicos, las posibles etapas postarioeeesarias para la purificacion de los
compuestos volatiles y el limitado intervalo deiegion (7-9). En este sentido, es importante
la busqueda de procesos sostenibles que cumpladosrincipios de la llamada “ingenieria
verde”.

En la tesis realizada se ha considerado el emgétednologias limpia$ para la obtencion

de concentrados aroméaticos a partir de distintdspreductos generados en la Industria
Alimentaria, en concreto de subproductos generadad procesado de buey de mar. Las dos
tecnologias que se han abordado en el desarroll® Tesis doctoral han sido la extraccion
con fluidos supercriticos y los procesos de pemagon. Este tipo de tecnologias limpias se
presentan como mas eficaces desde el punto de eistagético que los procesos
convencionales de recuperacion de aromas.

El procesado de los productos provenientes delgeaera grandes cantidades de residuos,
derivadas de los procesos de coccion y peladosdpdees no comestibles de los mismos.
Estos subproductos consisten fundamentalmente parazones, cabeza y visceras, y
representan un gran problema medioambiental yaligisamente entre un veinticinco y un
cincuenta por ciento del material de partida depdasiuctos del mar es transformado en
productos primarios. Estos subproductos han geoyach interés en los Ultimos afios debido
a la presencia de un numeroso grupo de sustareiasedés en la Industria Alimentaria entre
los que se encuentran polisacaridos (como la @jjtinolorantes (como la astaxantina),
antioxidantes, sustancias responsables del sabaroma de marisco y Acidos grasos
poliinsaturados.

En este sentido, se han identificado gran cantidacbmpuestos volatiles en los subproductos
del procesado de marisco, como la jaiba (10),dal&i(11) o la gamba (12). Por lo que estos
subproductos pueden suponer una fuente importanta escuperacion de los compuestos
responsables del aroma de estas especies. El dmmarisco fresco ha sido definido como
dulce, con inconfundibles notas vegetales, a meagdmpanadas de una nota metalica y un
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olor a pescado de intensidad variable (13), engldbaina gran cantidad de compuestos de
diversa naturaleza quimica. Los principales contpgesesponsables del aroma de marisco
fresco son aldehidos y alcoholes insaturados. fPamparte, el aroma de marisco cocinado se
caracteriza por la presencia de numerosos compueiocaracteristicas quimicas muy
diferentes, como alcoholes, aldehidos, cetonagn, pirazinas, hidrocarburos alifaticos
saturados e insaturados, hidrocarburos aromaticospuestos organoazufrados, compuestos
nitrogenados, ésteres y terpenos, en proporciatesninadas.

Las tecnologias estudiadas en esta Tesis no sbldesmologias limpias”, sino que resultan
rentables desde el punto de vista econémico. Asinmas como el del melocotory-(
decalactona) adquiere un valor en el mercado dO$IK® como extracto natural y soélo
75%/kg el sintético. Otro ejemplo lo tenemos eareina de frambuesa que alcanza valores de
3000 $/kg como extracto natural y 58%/kg cuandmlsiiene de forma sintética (Aldrich,
2000). Por lo que los procesos de separacion canbnamas como la pervaporacion o la
extraccién con fluidos supercriticos pueden serhwremna opcion no solo por ser un proceso
“verde”, sino por los beneficios econémicos.

En el procesado de los alimentos, se generan noen& una gran cantidad de aguas
residuales que tradicionalmente han sido como tio peoblema. Sin embargo, estas aguas
también pueden ser consideradas como una fuentehata en biomoléculas de alto valor
afadido, ya que la mayoria contienen notablesdzdgs de proteinas, lipidos, polisacaridos y
sustancias aromatizantes y saborizantes (14).aRtw €l primer gran objetivo de esta Tesis
doctoral consiste en lecuperacion de compuestos orgénicos volatilegesponsables del
perfil aromatico de los caldos de coccion generatos| procesado de buey de mar mediante
procesos de membrana, en concreto mediante prodepesvaporacion.

En segundo lugar se ha estudiado la obtencicGcodeentrados aromaticos a partir de los
residuos solidosgenerados en el procesado del buey de mar empleprmtesos de
extraccion mediante carbono didxido supercriticoEstos residuos sdlidos estan formados
fundamentalmente por caparazones, cabezas, etc.
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1.2 Antecedentes en la obtencion de concentrados
de aroma de marisco.

En las dltimas décadas, se han propuesto variceswe para la obtencion de concentrados
del aroma y sabor del marisco. El término mariscdruto del mar, hace referencia a los
animales marinos invertebrados entre los que dayie los crustaceos y moluscos entre
otros. En 1970, Gray (15) patent6é un proceso paltiele caparazones y material fibroso del
gue se retira previamente la carne de marisco.rétego requiere la limpieza de los
caparazones, eliminando las visceras residualesenies, y la molienda humeda de los
subproductos para la obtencién de una pasta queriposiente se acidifica y se somete a
secado por pulverizacion para obtener particulaset@roma y sabor deseados. El principal
objetivo fue la obtencidn econémicamente viableimleoncentrado que presentara la minima
cantidad de humedad posible, estable durante lgrgdsdos de almacenamiento, y con
buenas caracteristicas organolépticas. No obstamel979, Henneberry e Idziak (16)
encontraron que aquel producto presentaba escapsabitidad debido a la presencia de
cascaras residuales y a su elevado contenido eio.cBlor ello, propusieron otro método
basado en la adicion de enzimas proteoliticas sobee pasta previamente filtrada para
obtener extractos solubles en agua que posteribensensecan para obtener un extracto en
polvo con el aroma, sabor y color deseados.

En 1984, Noda y col. (17) prepararon un aderezee lde olor a pescado mediante la
descomposicién enzimatica de diferentes tipos désoway la adicion de sustancias (e.g.: 2,6-
dimetoxifenol, guayacol o 3-metilguayacol) que mnmionan notas ahumadas al producto
final.

Por otro lado, Oonishi y Satou (18) se centrarotaarbtencion de un material pulverulento
con el aroma y sabor de marisco, mezclando unaati@cuoso de marisco con dextrinas
solubles en agua y posterior liofilizacion o secamw pulverizacion. Este tratamiento
previene la absorcibn de humedad, aglomeracionplalacion y desarrollo de olores
manteniendo el delicado aroma del marisco.

En 1984, Nishikawa (19) obtuvo un aderezo natearal, un fuerte poder aromatico, mediante
un proceso consistente en moler el marisco freastatobtener particulas finas, afiadir agua y
sal, ajustar el pH de la mezcla (opcionalmenteusel@n afiadir protesasas), descomponer los
lipidos y las proteinas mediante un proceso dedaéstion enzimatica, dejar reaccionar la
mezcla durante un periodo de 7-30 dias, extraeragua caliente y desalar y concentrar
mediante 6smosis inversa.
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Este mismo autor, en 1985 (20), obtuvo un conceatde bajo coste, con bajo contenido en
sal y con aroma y sabor mejorados. Este proceddastdo en la descomposicion enzimatica
de una sopa de marisco de la que se han retiradedlmos no solubles y los aceites, para
obtener sustancias de bajo peso molecular, comoaoagidos, etc. Por otra parte, las
sustancias responsables de la formacion de caboratarrén en el extracto, los componentes
amargos tales como Mg, Ca, etc., y los componedt@sos de bajo peso molecular se
eliminan mediante electrodidlisis, de manera quesementa la proporcién de componentes
responsables del aroma y el sabor. Posteriormiensepa se concentra mediante un proceso
de 6ésmosis inversa y evaporacion a vacio del distdv

Por su parte, Okomura y Suzuki (21) obtuvieron wmcentrado de marisco con unas
excelentes caracteristicas organolépticas cociehdmarisco, pelandolo y posteriormente
tratando el caldo obtenido con un material adsaeyecomo carbdn activo en polvo,
calentando con agitacion, con enfriamiento posteyioseparando el solido adsorbente
mediante filtracion. El filtrado lo concentraronrpyaporacion a vacio obteniendo un liquido
concentrado con un contenido en sélidos del 65% m®ducto final posee una excelente
palatabilidad y destaca la ausencia de malos olomso el olor a mar y sabores
desagradables como amargor 0 astringencia quenpeieslecaldo de coccidn original.

En 1987 Yoshikawa (22) disefié un proceso de ferme#n para la obtencion de un
concentrado aroméatico. El proceso consiste en hraeecionar un extracto de marisco con
bacterias pertenecientes al génkaatobacillus Streptococcu® Pediococcuso afiadiendo
ademas levaduras pertenecientes al gédaccharomyceg/o moho de Koji perteneciente al
género Aspergillus.

En 1988, Ishii (23) obtuvo un concentrado establecon excelentes caracteristicas
organolépticas, sometiendo una sopa de mariscoagetapa de concentracion seguida de
ultrafiltracion o viceversa, con una etapa finalmtercambio ibnico en ambos casos.

En 1989, Usui (24) observo que un extracto conesatide marisco, en concreto de ostras,
obtenido mediante concentracion del caldo residnala industria de procesado del mismo
(enlatado), contiene por lo general los componengsponsables del aroma y sabor de
marisco (e.g.: acido glutamico) o componentes midelores del aroma (e.g.: glucégeno),
pero también diversas sustancias de coloraciéranegrarron que proporcionan al extracto,
ademas de un color no aceptable en muchos prodetboss amargos, irritantes y picantes y
un sabor pesado y graso. Estos compuestos de @étoraarron y negra son productos de la
reaccion de Maillard, producida por compuestosapurienen el grupo amino, por lo general
aminoacidos, y grupos carbonilo, generalmente aedcdas reacciones de Maillard en las
gue intervienen azlcares reductores provocan ed® una reduccion del valor nutritivo del
caldo y deterioro de los componentes del sabortdto, estos autores propusieron utilizar
adsorbentes, formados fundamentalmente por un astgpinorganico de magnesio de gran
area superficial, para eliminar de los caldos letasicias precursoras de estos compuestos de
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coloracién negra y marrén, sin reducir de manestasgial los compuestos responsables del
aroma y el sabor y nutritivos presentes en el cahbsteriormente se concentra el liquido
refinado en atmdésfera no oxidante.

En 1994, Sakamoto (25) prepar6 un aderezo congstenun aceite de color rojo-anaranjado
obtenido a partir de los subproductos de marismmetiendo los materiales a un proceso de
fritura, coccion, separacion de los aceites y lasap, adicion de un agente antioxidante y
purificacion del mismo. El resultado fue un acei@ un olor menos intenso que los aderezos
comerciales, pero mas proximo al natural de lostéogos y con la posibilidad de variar sus
caracteristicas organolépticas en funcion de ladicimnes de fritura.

En 2003, Kuroda y Nishimura (26) obtuvieron un @sito de marisco sin olor a pescado y con
sabor mejorado. El método desarrollado consist@estar el pH del extracto entre 3,5y 4,8,
eliminar los productos insolubles mediante filtéecio centrifugacion, ajustar el pH del
filtrado entre 5y 7, afiadir y mezclar 5 — 20 %Kaeselguhr y filtrar la mezcla y/o afiadir un
azucar y disolverlo agitando y posteriormente datela mezcla entre 100 y 150 °C durante 1
a 60 minutos.

En 2004, Sato y Yoshikawa (27) propusieron un n@sehcillo consistente en calentar una
mezcla de extracto de crustaceo o marisco, amidascy azlcares, seguida de una
destilacién del producto obtenido. El aroma y sabbtenidos tenian caracteristicas
organolépticas que recordaban al marisco asado.

En 2005, Kawasaki (28) llevé a cabo la formulaci® aroma asociado a los crustaceos
empleando para ello materiales sintéticos de pexrfisnde diferente naturaleza quimica para
crear un producto con el aroma y sabor naturaléssderustaceos.

Hayakawa et. al (29) y Hayashi y col. (30) obtumierun aroma de pescado y marisco
ahumado y a la parrilla, mediante extraccion codxido de carbono en condiciones
subcriticas y supercriticas mezclado con cosolvénezcla de agua y alcohol), a partir de
distintos pescados y mariscos que en la mayor pt®s casos habian sido previamente
secados, asados a la parrilla o en el horno, o athosn Los autores afirman que esta técnica
evita los problemas que presentan los concentmaistesidos mediante métodos tradicionales
como la destilacién por arrastre con vapor o laaegion con disolventes organicos, como
son la carencia de ciertas caracteristicas orgatitdé presentes en el pescado o marisco a la
parrilla, baja intensidad, corta durabilidad y bpgatabilidad. El concentrado obtenido fue
mezclado con una sustancia adsorbente, homogeanegjzpdsteriormente sometido a secado
por pulverizacion o liofilizacion para obtener uriyo con el aroma deseado.
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1.3 Procesos de pervaporacion.

En los Udltimos afos los procesos de separaciomonbrana han logrado un importante
desarrollo tecnoldgico y comercial en la Induslanentaria. Algunas de las ventajas del
empleo de la tecnologia de membranas en la Induslimentaria son (31):

» Menor consumo energeético que las operaciones coireles de concentracion.
» Menor dafio térmico de los componentes presentekadimento.

» Reduccidn de la pérdida de aromas durante el pyoces

» Permite la eliminacion de microorganismos.

Este desarrollo se ha producido fundamentalmenteaologias bien establecidas como son
la 6smosis inversa y los procesos de ultrafiltnrac®in embargo, existen otros procesos de
membranas emergentes, como los procesos de peaeapgraun en fase de desarrollo, cuyas
potenciales aplicaciones a nivel industrial somg@ortancia creciente.

La pervaporacion (PV) es una tecnologia de membranidizada para separar mezclas
liquidas. El término “pervaporacion” es una contiée de los términos permeacion y
evaporacion, ya que se trata de un proceso dess#faen el que una mezcla liquida se pone
en contacto con una membrana selectiva y uno deoloponentes de la mezcla se transporta
mediante permeacion preferencial a través de lahraera, saliendo en fase vapor al otro lado
de la membrana

El transporte a través de la membrana se consignéenmiendo la presion parcial de vapor en
el lado del permeado inferior a la presion parerakl lado de la alimentacion. Esta diferencia
en las presiones parciales se puede conseguir med@gaaplicacion de vacio en el lado del
permeado y/o empleando un gas portador. El permeattensa, mientras que el retenido se
enriquece asi en el componente que no permea o fpreferente. Debido a que sélo es
necesario evaporar una fraccion de la alimenta@bonpnsumo energético es menor que en
destilacion.

La pervaporacion ofrece un gran potencial en cangomo la obtencion y recuperacion de
compuestos aromaticos a partir de sus fuentes akedurEn comparacion con procesos
tradicionales de recuperacion de aromas, la peraaigm presenta las siguientes ventajas:

» No se producen dafios en compuestos volétiles temaitsdes
» Bajo consumo energético

» No se requiere una etapa posterior de separacidédistdventes o adsorbentes
afiadidos

-15 -



Introduccién

> Pérdida minima de aromas.

Aunque el mecanismo exacto por el que se produgerisporacion no se conoce, el modelo
de disolucion-difusion es el que estd mas ampliéenaceptado para describir el proceso de
pervaporacion en membranas poliméricas.

Este mecanismo fue descrito por primera vez poh&ma(32) basandose en experiencias
realizadas en la permeacion de gases a travésrdbrangas homogéneas. Este modelo divide
el proceso de separacion en tres etapas consec(Figara 1.4):

»  Primera etapa: adsorcion de las moléculas en kxfitip de la membrana

»  Segunda etapa: difusion de los componentes a toe/és membrana. De acuerdo
con el modelo de disolucion-difusion, la membraeaeérvaporacion es no porosa por
lo que la difusion es el Unico mecanismo de trartepaosible.

»  Tercero etapa: desorcion de los componentes exdeldel permeado en forma de
vapor.
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Figura 1.3. Esquema basico de funcionamiento de una membmapamaporacion

La fuerza impulsora del proceso se basa en unagtaddel potencial quimico a ambos lados
de la membrana, que como ya se ha descrito, se sbtgner aplicando vacio en el lado del
permeado. El permeado, en estado vapor, se reamgeliante condensacion:

Ji = Qov,i ()ﬁ YipS -y, pp) [1.1]
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El tipo de membranas que se utilizan en los praced® pervaporacion determina la
selectividad del proceso. Asi, las membranas Hida$ (polimeros de polivinilalcohol o
acetato de celulosa) son selectivas hacia compupstares como el agua y se utilizan con
éxito en la deshidratacion de compuestos organicaspervaporacion con membranas
hidrofébicas se presenta en los Ultimos afios coleonativa eficaz, frente a procesos
clasicos de destilacion o extraccion con disoh&npara la separacion y concentracion de
componentes organicos diluidos en medios acuosos.

Algunas de las aplicaciones mas importantes dertmesos de pervaporacion son:
»  Deshidratacion de disolventes organicos como aleshéteres, ésteres y acidos.
»  Eliminacién de compuestos organicos diluidos ealdones acuosas.
»  Separacién de mezclas de compuestos organicos.

De todas las aplicaciones de los procesos de pmaepn, es la deshidratacion de
disolventes orgéanicos, mediante el empleo de memabrde pervaporacion hidrofilicas, la
mas desarrollada. Asi, la primera planta a nivdligtrial se instalé en Brasil en 1982 para la
produccion de etanol anhidro (33). Sin embargo, poscesos de pervaporacion con
membranas organofilicas han experimentado un reotigarrollo en los ultimos 20 afios en
el campo de la concentracidén de aromas a partistéuciones acuosas diluidas (34).

Desde el punto de vista industrial, la pervapora@érmite alcanzar simultdneamente dos
objetivos: medioambientalmente logra la reducciércampuestos organicos en las corrientes
liquidas residuales en los procesos de produccidesyge el punto de vista econémico logra
concentrados aromaticos potencialmente atractivda dustria Alimentaria (35).

La mayoria de los trabajos desarrollados en lapexagion pervaporativa de compuestos
volatiles arométicos suelen ir enfocados a su eragdn de zumos de frutas, ya que es uno
de los problemas en el procesado de los mismos &6¢sta forma se han llegado a obtener
permeados enriguecidos en compuestos aromaticasoslgle los cuales no eran detectables
en la alimentacién de partida (35). Asi, por ejexmgi el estudio de la concentracién de zumo
de manzana mediante pervaporacion (34) se han idbtdactores de enriquecimiento
elevados para ésteres y aldehidos, siendo masgzapsalicoholes.

Los experimentos de pervaporacion se llevaron a eabuna planta semi-piloto disefiada y
construida por el Area de Ingenieria Quimica d&maversidad de Burgos. La planta de
pervaporacion consta de los siguientes elemenigsréFl.4):

» Un tanque de reaccion con agitacidn de cinco liiesapacidad.

» Un modulo de pervaporacién para membranas planasuccarea efectiva de 170
cm2.

-17 -



Introduccién

» Un sistema de condensacion consistente en uno watws Dewar en los que se
introduce una sustancia refrigerante (nitrégenaidio o etanol enfriado).

» Una bomba de vacio, que permita alcanzar la preglénuada en la zona de recogida
del permeado, para que tenga lugar la separacitos @e@mponentes de interés.

» Medidores de temperatura y de presién, que ayudesgiatrar la temperatura de
operacion y la presion en el lado del permeado.

Para poder analizar correctamente los resultadesidos en los procesos de pervaporacion,
el conocimiento de las propiedades termodinaminaal intervalo de dilucion infinita cobra
especial importancia debido a la baja concentrad#los compuestos aromaticos en la que se
encuentran en la materia prima de partida. En tesia doctoral se han determinado los
coeficientes de actividad a diluciéon infinita degualos de los principales compuestos
aromaticos presentes los caldos de coccion del Beapar. Para la determinacion de estos
coeficientes se ha utilizado la técnica de espdeiocabeza acoplada directamente a un
cromatografo de gases. En la Figura 1.5 se reaogkagrama del equipo que se ha utilizado.
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Figura 1.4. Esquema del equipo de pervaporacion
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Figura 1.5. Diagrama de flujo del equipo en espacio de cabeza.

En muchas ocasiones, la selectividad de la mempdafgdo a la baja concentracion de los
metabolitos a separar, limita la posibilidad delpkra de este tipo de tecnologias a escala
industrial. Para mejorar la capacidad de estedgprocesos se estudia la incorporacién a la
recuperacion de los mismos de procesos de condé@nsaw etapas multiples. Uno de los
trabajos méas importantes llevados a cabo en estelgéa sido realizado por Marin y col.
(37, 38) con mezclas modelo agua — acetato de atjioa — etanol — acetato de etilo. Los
condensadores parciales operan a distintas terapsesatn orden decreciente. En la Figura 1.6
aparece un esquema del sistema de recogida emplezindo dos condensadores en serie.
En este tipo de disposiciones, el primer condensgalera a una mayor temperatura, en el que
se recogeran la mayoria de los compuestos menasle®ldel permeado, mientras que en el
segundo condensador se recogera la fraccion matl vol
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Figura 1.6. Condensacion en dos etapas
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1.4 Extraccion con fluidos supercriticos.

La extraccion con fluidos supercriticos (EFSC) ea aperacion cada vez mas utilizada para
la recuperacion y estudio de los componentes \edatesponsables del aroma de diversas
sustancias naturales.

La EFSC puede considerarse una operacion interreattia la destilacion y la extraccion ya
que tanto la presion de vapor de los compuestoso caumsolubilidad en el disolvente
supercritico son parametros que influyen en lacteldad y el rendimiento de la operacion.
La mayoria de los compuestos responsables del asengxtraen con didxido de carbono
supercritico, pese a que este disolvente tambiénapaz de extraer ciertos compuestos
indeseados presentes en la matriz.

El diéxido de carbono es el disolvente supercriticés utilizado ya que no es téxico y
permite operar a presiones moderadas y cerca geetatara ambiente. Se comporta como un
disolvente lipofilico pero, en comparacion cond@olventes liquidos, tiene la ventaja de que
su poder disolvente se puede ajustar y puede estaibé en valores correspondientes a los
gases 0 a los liquidos simplemente cambiando sodictones de presion y temperatura.
Todos estos aspectos han hecho del diéxido de mmarblodisolvente por excelencia en la
mayor parte de las aplicaciones de la EFSC, fundtaimeente en la Industria Alimentaria,
sin olvidar el creciente interés en reemplazaritésntradicionales como la destilacion por
arrastre de vapor o la extraccion con disolverdebjdo al deterioro que pueden sufrir los
compuestos termolabiles, la posibilidad de rea@sate hidrdlisis o la imposicion de severas
restricciones legales para eliminar residuos daldistes en este tipo de productos cuando se
emplean en la Industria Cosmética, Farmacéutichnyesstaria (39).

1.4.1 Variables en el proceso de extraccion con fluidos
supercriticos.

Las variables de proceso mas importantes en EF8Clastemperatura y la presion de
extraccion y el flujo de disolvente utilizado pamidad de masa de sustrato. Asimismo el
pretratamiento del sustrato a extraer influye eremdimiento de la extraccion

 Temperaturala temperatura debe estar fijada entres 35 y 66%Cdecir, en la
proximidad del punto critico del diéxido de carbdic = 32 °C) y tan bajo como sea
posible para evitar la degradacion. El aumentcaderperatura reduce la densidad
del SC-CQ (para una presion determinada), por tanto disneirswypoder disolvente,
pero aumenta la presion de vapor de los componargggaer por lo que aumenta la
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tendencia de estos compuestos a pasar a la fatz fBin embargo el pardmetro méas
importante es la presion de extraccion.

Presion De manera general, a mayor presion mayor podsslveéinte y menor
selectividad en la extraccion. La extraccion deatilgls con dioxido de carbono en
condiciones supercriticas se ha llevado a cabaesiqumes elevadas (por encima de
400 bar) incluso cuando los compuestos a extraeredativamente solubles en €0
supercritico. Operando de esta forma, Unicamentusentaba el poder disolvente
del CQ. Por tanto, se ha aplicado el concepto de optaitimeentre poder disolvente
y selectividad y se han escogido las condicioneomlracion de la EFSC para
obtener la extraccion selectiva de los compuestastdrés, reduciendo al minimo la
co-extraccién de compuestos indeseados (40).

Para realizar una extraccion con éxito no séloete dener en cuenta la solubilidad
de los compuestos de interés e indeseados, yasjvesistencias a la transferencia de
materia debidas a la estructura del material ditddpay a la localizacion especifica de
los compuestos a extraer también juega un papelortemge. Un andlisis
microscopico o experimentos especificos desarmdladariando el tamafio de
particula y el tiempo de residencia del disolvestipercritico pueden facilitar el
conocimiento de donde se encuentran dichas resig$en la transferencia de materia.

Relacién de disolvent®tro parametro crucial es el flujo de disolventi&zado por
unidad de masa de sustrato (relacion de disolvelastg¢ parametro es muy relevante
si el proceso esté controlado por la resistentgat@nsferencia de materia externa o
por equilibrio; la cantidad de dioxido de carbomocendiciones supercriticas que se
suministra al extractor determina la velocidad xteaecion.

Tamafio de particul&l tamafio de particula es un parametro relevargepoceso
esta controlado por la resistencia a la transféaede materia interna, ya que tamafios
de particula pequefos reducen el camino de difustbrlisolvente. Sin embargo, si
las particulas son demasiado pequefas, puedemadiderpas de canalizaciones en el
lecho de extraccion. Parte del disolvente puededitravés de canales formados en
el interior del lecho y no entrar en contacto cbmaterial a extraer, causando una
pérdida de eficiencia y de rendimiento en el proc&e suelen emplear particulas
entre 0.25-2mm.

La dimension optima puede escogerse en cada aaisade en cuenta el contenido
en agua en la matriz y la cantidad de componefgeglbs extraibles que pueden
producir fendmenos de coalescencia entre las pkasiy favorecer una extraccion
irregular a lo largo del lecho. Asimismo, la proddn de particulas de pequefio
tamafio mediante molienda podria producir la pérdedleompuestos volatiles.
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La duracién del proceso esté relacionada con elftarde particula y la velocidad de
flujo y deber ser seleccionado apropiadamente pa@mizar el rendimiento del
proceso de extraccion.

1.4.2 Equipo de extraccion con fluidos supercriticos.

En términos generales, el estudio de los proces@xiaccion de volatiles se lleva a cabo a
escala analitica. Las partes fundamentales dsquipo analitico de EFSCson el extractor,
en el que se sitia la materia prima previament&adaapara optimizar el proceso de
extraccion, y una trampa para volatiles situadaesin atmosférica donde tiene lugar la
recogida de volatiles. La descompresion se reatiegdiante una valvula o restrictor de flujo
situados antes de la trampa.

Se emplean diferentesétodos de separaciomn funcion del tipo de compuestos volatiles a
extraer, pudiéndose clasificar en funcién del feemdonen el que se basan:

Adsorciénsobre la superficie de un sdélido, se emplean maddésrque presenten un
tamafo de particula pequefio, con elevada &reafisiglepara asegurar un buen
contacto entre el sdlido y el fluido circulante, @anera que el proceso sea lo mas
eficiente posible. Se emplean materiales de distipp, como bolas de vidrio (41,
42), ODS (43-47), Tenax TA (48) o Tenax GC (49).dbague los procesos de
adsorcion son generalmente exotérmicos, al aumémtimperatura disminuye la
cantidad adsorbida, por ello, el proceso se ddkareotemperaturas bajas, casi
siempre por debajo de 0 °C. Los flujos empleadossérs equipos son pequefios, del
orden de g/h de CO2, asegurandonos que el tiempomacto entre el sélido y el
fluido sea suficiente para que tenga lugar la mdende los compuestos de interés.
La desorciéon de los compuestos de interés se afeéttnicamente o mediante el
empleo de un disolvente.

Absorcién en el seno de un liquido (50-52) donde el factetemninante es la
solubilidad de los compuestos de interés en ellvdiate adecuado, por tanto la
eleccion del disolvente o mezcla de disolventeswalins es crucial. Al igual que en
el proceso de adsorcion, la temperatura y el flgodisolvente juegan un papel
importante en el proceso. Un inconveniente de gstosesos es que el disolvente
empleado normalmente es volatil en las condicienelas que se efectua la recogida,
por lo que éste puede evaporarse y fluir haciatetior del equipo, pudiendo causar
problemas en el funcionamiento de la bomba (53).

Condensaciorsobre un recipiente refrigerado (54-56). La eficia del proceso

depende fundamentalmente de la temperatura empégaea proceso, empleandose
en algunos casos mezclas etanol/hielo seco, qgarasetemperaturas de -68°C.
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Por otro lado, loprocesos de extraccion llevados a cabo a escala spitoto o piloto se
llevan a cabo de manera diferente. Las plantaxtiaceion constan de un extractor y varios
separadores en los cuales tiene lugar el fracciemaon del extracto. La separacion por
fraccionamiento de los extractos es un concept@qgade ser Util para mejorar la selectividad
del proceso de EFSC. En muchos casos, es imposiftier la co-extraccion de algunas
familias de compuestos con diferentes solubilidadesesistencias a la transferencia de
materia en el material de partida. En estos caqosible desarrollar una extraccion en
pasos sucesivos a distintas presiones para ohtarextracto fraccionado de los compuestos
solubles contenidos en la matriz organica. La s&pam fraccionada permite fraccionar el
extracto, operando en la planta con varios seperaden serie a distintas presiones y
temperaturas. La finalidad de esta operacion escindina precipitacion selectiva de las
diferentes familias de compuestos en funcion de desintas condiciones del FSC.
Generalmente se emplean dos separadores, predpitadas las sustancias indeseadas co-
extraidas en el primer separador y recogiéndog#aducto rico en componentes volatiles en
el segundo. Se emplean flujos de disolvente mucée etevados, del orden de kg/h. Las
condiciones en los separadores se establecenrda fipre la selectividad del proceso hacia
los componentes volatiles de interés sea lo maaddeposible (39, 47, 57-61).

Para el desarrollo de estos objetivos se utilizdldata piloto de EFSC disefiada y construida
en el area de Ingenieria Quimica de la UniversiadBurgosy cuyo diagrama de flujo se
presenta en la Figura 1.7. Las especificacionesmadéxde dicha planta son 650 bar de
presion y 200 C de temperatura, existiendo endataluna zona de alta presion, desde la
bomba hasta el extractor, y una zona de baja presié engloba la zona donde tiene lugar la
separacion del extracto y la recirculacion deldiuicirculante. La planta consta de los
elementos que se detallan a continuacion:

a) Un extractorde acero inoxidable AISI-316 con capacidad detr®dj disefiado para
operar hasta 65 MPa. Un sistema de difusion daldlen la parte inferior del mismo,
evita los canales preferenciales y volimenes msieAsimismo dispone de un sistema
de calefaccion que consiste en una resistencideglog del cuerpo del extractor que
permite el control y mantenimiento de la tempegitle extraccidn, junto con un bafio
termostético que calienta el fluido a la entradeegt¥actor.

b) Una bombade diafragma, de membrana metélica y cabezabes&ilo que impulsa el
fluido y consigue la presién de trabajo. La regidiacdel flujo se realiza de forma
manual, ajustando la carrera del vastago que axdms membranas, y con ello la
cantidad de fluido que se pretende impulsar.

c) Dos separadorede acero inoxidable, de un litro y medio litroaacidad. El fondo de
los separadores tiene forma cénica y una valvulerior para facilitar la descarga
posterior de los extractos. Ambos separadores @eeptran encamisados para mantener
la temperatura deseada en los mismos.
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d)

e)

f)

9)

h)

)

Las tuberiason de acero inoxidable, de diametro externo *déyespesor variable en
funcién de la presion que lleve el fluido que diacu

Las valvulasinstaladas en la planta son diferentes dependieledda funcion que
desemperfien y la zona en la que se encuentrenalaeltierre-apertura, de regulacion y
de purga.

Medidor de flujode tipo Coriolis que puede operar a presion maxima35 MPa y
temperatura entre 220 y 450K. Permite la medidéuge mésico, densidad y masa total.

Medidores de temperatyraon termorresistencias del tipo Pt-100, instaatkentro del
tubo cerrado adecuado a la presion que debe soporteada caso, y colocadas en las
distintas zonas de interés del equipo. Los datogegistrados en el ordenador a través
de un sistema de adquisicion de datos. En la cattekza&xtractor se dispone de un
termopar tipo J que indica la temperatura de op@rac

Medidores de presiéde dos tipos: tipo Bourdon que dan lectura dirdetda presion y
otros que incorporan transductores de presion arenifen monitorizar los valores
recogidos gracias a un sistema de adquisicion ts.da

Bafios termostaticogquipo de frio y resistencias que permiten mamteEntemperatura
adecuada en las distintas zonas de la planta, $aginecesidades. Los bafios y equipos
de frio intercambian calor mediante serpentines uedpn estar conectados a
encamisados, al cabezal de la bomba, etc. Ladenesids estdn reguladas gracias a
potencidmetros y permiten calentar el extractotehl@astemperatura de operacion.

Mecanismos de seguridagdie garantizan un manejo seguro de la misma:

» Discos de ruptura en las distintas zonas de oggraci
e Estructura de acero en la que todos los elemeates@ientran fijados.

» Pantalla de policarbonato de seguridad que sepgptaihta de la zona de manejo y
control de la misma.

-25 -



Introduccién

co,

@ V-104
20

C105 V-102
16
P-101 E-101 E-102 V-101 E-103 V-102 E-104 V-103 041 E-105
Bomba Cambiador Cambiador Extractor Cambiador Separador Cambiador Separador Botella Cambiador
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Figura 1.7. Diagrama de flujo de la planta de extraccion co®,Gupercritico empleada

durante el proceso.
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Objetivos generales

Como ya se ha indicado anteriormente, el objetiobaj de la presente tesis doctoral es el
estudio de la obtencién de concentrados aromatiquetir de subproductos generados en la
Industria Alimentaria, en concreto en el procesddduey de mar, mediante el empleo de
tecnologias limpias: extraccion con CO2 supererifitecnologia de membranas, en concreto
pervaporacion.

Para la consecucion del objetivo global de la tesishan considerado distintos objetivos
concretos:

1. Determinacion de propiedades termodinamicas en imtervalo de dilucién infinita.

Para optimizar los procesos de separacion de aresnascesario conocer el comportamiento
termodinamico de estos compuestos en el intervaloditlcion infinita en el que se
encuentran en la materia prima de partida. Por @lfo de los objetivos de la tesis doctoral es
la determinacion experimental de los coeficientesadtividad a dilucion infinita de algunos
de los compuestos volatiles mas representativestertipo de sustratos.

2. Estudio de la recuperacion de mezclas sintéticaacuosas diluidas mediante
pervaporacion de compuestos aromaticos presentes ks caldos de coccidn de buey de
mar.

Previo a la recuperacion de compuestos aromatipasta de los caldos de coccion, de gran

complejidad, es de gran utilidad un estudio defalleon mezclas sintéticas para evaluar la
influencia de distintas variables de operaciénaRdios se ha estudiado la pervaporacion de
mezclas sintéticas diluidas formadas por siete dg ¢ompuestos aromaticos mas

representativos encontrados en los caldos de eodeidbuey de mar utilizando dos tipos de

polimeros.

Se han considerado dos membranas cuya capa a&ivansontraba compuesta por
polioctimetilsilosano (POMS) y polidimetilsiloxan@®DMS) respectivamente. Para ambos
tipos de polimeros se ha estudiado el efecto denatyde las variables de operacion mas
importantes como presion (afecta directamente fadeza impulsora del proceso y al perfil
aromatico), temperatura (afecta la velocidad dempado y el perfil aromaticos) vy
concentracion de la alimentacion. Asimismo se hadesdo el fendmeno de la polarizacién
por concentracion, ya que en este tipo de mezdlaglas puede llegar a ser importante,
evaluando asi la importancia de la capa limite. \smobtenidos los resultados con ambos
tipos de polimeros se ha comparado los distintoslgsearomaticos obtenidos con ambas
membranas

En el estudio de la pervaporacion con membranas $B# ha considerando ademas un
estudio de la recuperacién de aromas en estadstacianario y el efecto de la presencia de
componentes no volatiles como sales. Asimismoasestudiado la optimizacion del proceso
mediante fraccionamiento en el lado del permeado.
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3. Pervaporacion de los caldos de coccién de buey mhar.

Finalmente se ha llevado a cabo la pervaporacidosdealdos de coccion de buey de mar. Se
ha analizado el efecto de la temperatura en Idmidis perfiles aromaticos. Ademéas se ha
estudiado la optimizaciéon del proceso mediante gzog de fraccionamiento en el lado de
permeado, para poder obtener una mayor concemrdeidos compuestos aromaticos en los
permeado obtenidos.

4. Estudio de la obtencion de concentrados aromatis mediante extraccién con C@
supercritico a partir de los residuos sélidos genados en el procesado de buey de mar.

Este estudio engloba la optimizacion de los difle®parametros involucrados en el proceso,
a partir de los datos de caracterizacion y cuaatifon de los diferentes compuestos presentes
en el extracto final. La presion y la temperatugeedtraccion determinan el poder disolvente
del fluido, asi como sus propiedades fisicas (gislea y difusividad) que delimitan la
capacidad de penetrar del fluido en la matriz a6ilel estudio de la presion en el separador
permite alcanzar un 6ptimo en el grado de separadéd soluto del fluido comprimido y
mejorar la eficacia del proceso.
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3. OBTENCION DE
CONCENTR.ADOS
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MEDIANTE
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J. Chem. Eng. Dat£012 57, 1480-1485

3.1 Activity coefficients at infinite dilution in
water: Effect of temperature and salt
concentration.

ABSTRACT.

Activity coefficients at infinite dilution in watehave been determined for some aroma
compounds detected in brown crab liquid effluemddpiced during boiling (1-octen-3-ol, 1-
penten-3-ol, 3-methylbutanal, hexanal, benzaldehgd@pentadione and ethyl acetate) by
using the headspace gas chromatography technig@&@QH Experimental data have been
obtained over the temperature range of 40°C to .5BPGhis work, activity coefficients at
infinite dilution for different kinds of systems Y& been considered: one component solute +
water and multicomponent solute + water. No sigaifi differences were observed between
activity coefficients obtained in these two kindssgstems. Additionally the effect of salt
concentration at 40°C has been studied by vanfigstlt concentration from 0 to 1.71
mol/kg. Experimental data were fitted as a functmnsalt concentration by using the
Setschenow equation obtaining the salting out coefit.

Keywords aroma compounds, activity coefficients at inndtilution, salt effect, temperature
effect.

3.1.1 Introduction

The knowledge of the thermodynamic behavior oftdilaqueous solutions is necessary for a
correct design of processes to separate dilute gcongs such as the aroma recovery from
food streams. In previous work (1), it has beerorga that pervaporation technique is a
promising alternative to recover the volatile frawtfrom brown crab processing effluent.
Pervaporation is a membrane process that has beesidered in the last years as an
alternative to conventional methods to recover ararompounds since the addition of
chemical solvents is avoided (2). Based on thetisolldiffusion model the flux of component

i through the membrane is proportional to the d#ffeee in partial vapor pressure at both sides
of the membran@gyi P’ -y, pp). In case of pervaporation of dilute aqueous Sofsij
activity coefficients at infinite dilution in wate();") are used as feed-side activity
coefficients due to the very low concentrationsacdma compounds in the feed. Activity
coefficients at infinite dilution provide an insigimto the chemical and physical interactions
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between water (solvent) and aroma compounds (solotecules) in the absence of solute-
solute interactions.

The affinity of a solvent towards a volatile compdiwcan be expressed using Henry's law:

H = lim o 3.1]
% -0 X

where pis the partial pressure of the volatile comporeamd x its mole fraction at infinite
dilution. The activity coefficient at infinite dition of the volatile compound in the solvent is
determined by taking into account the vapour pnessti the volatile compound at the same
temperature,p’ (3):

yo = [3.2]

Both, Henry constant and’, allow the evaluation of affinity of the aroma qoound and the
solvent (water) (4).

Different techniques have been developed to deterny{” in water. Sherman et al. (5)
emphasize that each method is most suitable imtaitgange of relative volatility at infinite

dilution, a7, defined as:
o __ p‘s 00
iy =5V, [3.3]
Pw

In this study the headspace gas chromatographybkes used to determip€ . The
headspace gas chromatography is useful not onlgrfalytical purposes (6), but also provides
a valuable tool to obtain thermodynamically releliata (7). Static headspace methods are
based on measurements at thermodynamic equiliboetween liquid and gas phases. This
technique has a range of applicability from lowatiele volatility systems (around 0.5) to
systems of relative volatilities up to 1000 (5).

In this work, the activity coefficients at infinilution of seven volatile compounds found in
the brown crab processing effluent (1-octen-3-epehten-3-ol, 3-methylbutanal, hexanal,
benzaldehyde, 2,3-pentadione and ethyl acetate) been determined by using the headspace
gas chromatography techniqgue (HSGC). These casficiwere determined at three different
temperatures over the range 40°C to 50°C. In fgstéms the volatility of aroma compounds
is dependent on the presence of nonvolatile compsrsich as sugars, salts, lipids and other
macromolecular compounds (8). In the particulaecalsaroma recovery from brown crab
effluent the effect of the presence of salts mestdnsidered. Therefore the effect of sodium
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chloride on activity coefficients at infinite diloh has been analyzed by varying the salt
concentration in the range 0 to 1.7 mol/kg at 4@%age it is well known that the presence of
salts and other electrolytes may increase or dseréee value of/” (9).

3.1.2 Experimental section.

3.1.2.1. Materials.

The volatile compounds belong to different chemidalsses: 1-octen-3-ol (Sigma Aldrich,
98 %), 1-penten-3-ol (Sigma Aldrich, 99 %), 3-mdithwganal (Sigma Aldrich, 97 %), hexanal
(Sigma Aldrich, 98 %), benzaldehyde (Sigma Aldricds99 %), 2,3-pentadione (Sigma
Aldrich, 98 %) and ethyl acetate (Sigma Aldrich, ldPgrade). The chemicals were used
without further purification. Sodium chloride wagpplied by Sigmax 99.5 % purity).

3.1.2.2. Systems.

Activity coefficients at infinite dilution,);”, have been determined for different type of
systems. Firsty;” has been obtained for binary systems consistingnoiroma compound
and water at three different temperatures, 40°€C 4md 50°C. The headspace oven could not
be regulated below 40°C and this value was the dowemperature studied in this work
Subsequently,);” has been obtained for a multicomponent solute systrmed for the
seven aroma compounds and water at 40°C. Finadlyeffect of salt on) has been
determined for a multicomponent solute and watetesy at 40 °C in the range 0 to 1.7
mol/kg of salt concentration.

3.1.2.3. Apparatus and procedure

Activity coefficients at infinite dilution were detmined by headspace gas chromatography
(HSGC). The HSGC consists of a gas chromatograpwigtt Packard GC 6890) and a
headspace sampler (Hewlett Packard 7694E).

To determing/;”, glass vials (ca. 20 cinwere filled gravimetrically with different mixtes

of the corresponding system varying the mole foarctif the volatile compound in the liquid
phase. To obtain one activity coefficient at irtinidilution, seven measurements were
performed to determine the vapor solute partialsguee as a function of the solute
concentrationThe interval of infinite dilution region cannot leealuated a priori. For highly
associated compounds, this region is smaller tBdmible fraction and can be as small as 10
®or 107 (10). In our case, mole fraction of the aroma coumals was kept below 24 all
cases. In this concentration range results areingistaunder Henry's law conditions (see
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section 3.1). Solutions were prepared from a comatd solution (approximately 1000 ppm)
in water or in a salty water mixture. This mixtwvas stored at 4°C to avoid losses of volatile
compounds and diluted for the different solutionaaentrations. The vials were filled about
half way (ca. 10 cf) and immediately sealed properly with a pressigtet-tproper rubber
septum and a special aluminum lid to ensure that tbadspace gases do not escape.
Equilibrium between gas and liquid phases is red¢heghe headspace oven. After reaching
equilibrium, an aliquot of the vapor phase is withwin and transported and analyzed in the
GC. The GC column was a 007 FFAP 25<m.25 mm bonded phase fused silica capillary
column. The injector and flame ionization deteat@re at 200 °C and 250°C respectively.
The oven was operated at programmed temperatwe 40°C to 220°C. At least three
samples at the same concentration were used expi@iments.

Equilibrium time was determined for each of theastigated systems. For that, different glass
vials were prepared with the same concentrationkapd in the headspace oven for different
increasing time intervals. When the peak areasirddain the GC were constant, phase
equilibrium was assumed to be reached.

The calibration was performed according to Whitehemd Sandler (11) by using pure

components at different temperatures to determiirge rélationship between solute vapor
pressure and peak area. This way for mixturessdohée partial pressure in equilibrium with

the dilute solution can be obtained from the sainmgpressure calibration curves. For all the
components and range of conditions consideredignvibrk the pure component peak area
was linearly proportional to vapor pressure witlnaar correlation coefficient above 0.99.

Table 3.1.Coefficients for the extended Antoine EquatioquégEion 3.4). (*) Predicted

Compound (o C, C; C, Cs Cs C, Ref.

Water 66.74 -7258.2 0 0 -730 4.17%0 2 Aspen Plus
Ethyl acetate ~ 59.92 -6227.6 0 0 -641 1790 6 Aspen Plus
3-methylbutanal 54.11 -6192.1 0 0 -552 117%0 6 Aspen Plus
2,3-pentadione 13.77 -2756.6 -82.1 O 0 0 0 Sonietal (13)
1-penten-3-ol  87.19 -8981.7 0 0 -998 1720 6  AspenPlus*
Hexanal 75.60 -7776.8 0 0 -845 151%0 6 Aspen Plus
Benzaldehyde 109.3 -9331.2 0 0 -146 1.19%0 1 Aspen Plus

1-octen-3-ol 9150 -10339.1 0 0 -10.5 9.467f0 6 Aspen Plus*
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Vapor pressure correlations of the pure compoungi® wbtained or predicted considering
experimental data found in the literature by usikapen Plus (2008) (12) except for 2,3-
pentadione which Antoine constants were obtainenh fthe literature (13). The equation for
the extended Antoine vapor pressure model is:

In(ps /kPa) = C,, +ﬁ +C,, (T/K)+C,, In(T/K)+C,, (T/K) [3.4]
3,

Coefficients for the extended Antoine equationlested in Table 3.1. The uncertainty in the
pure solute vapor pressure has not been considergf calculation since the way vapor
pressure data have been obtained is unknown. Simiitecedure has been followed in the
literature (14, 15).

3.1.3 Results and discussion.

When determiningy;” by headspace it must be taken into account thatlittuid phase
composition in equilibrium with the vapour phaseeslonot correspond with the liquid
composition calculated from the amounts weighedesin certain amount has been vaporized
during equilibration. This correction has been gldted as indicated by Brendel and Sandler
(9). Due to the large difference in the molar voduai a liquid and a gas, the correction in the
liquid phase was not very important. For the systestudied in this work the relative
deviation between the initial and the real liquithpe composition was always lower than
2 %. This correction, though small, was includedaihthe results. Additionally, as it was
pointed out by Whitehead and Sandler (11) the gstatource of experimental error in the
activity coefficient at infinite dilution calculain comes from the solute peak area
determination.

3.1.3.1. Binary systems: solute + solvent.

The values ofy;” for the aroma compounds selected in this work Hzen determined at
three different temperatures, 40°C, 45°C and 5046 partial pressures of the volatile
compounds in the vapor phase in the vials wereutakd from the calibration with pure
components and the detector response. This soiutmlppressure has been found to be a
linear function of the aroma mole fraction in thguld phase. As an example Figure 3.1
shows this behavior for benzaldehyde at the thiféerent temperatures studied in this work.
In this graph the uncertainties for the mole fractand the partial pressure have been also
represented. Henry’s law constant can be calculated the slope of the variation of partial
pressure with mole fraction according to Equatidh (3). This slope is independent of mole
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fraction which indicates that results were obtaingdler Henry’s law conditions in the
interval of infinite dilution. Activity coefficients were directly deduced from ¥hlues by
using Equation 3.2. The H ag8values for each volatile compound at the three &atpres
are listed in Table 3.2 together with the uncetiasfor the activity coefficients calculated.
The uncertainties fory” are expressed through the relative standard devéatalculated
from the uncertainties of the experimental varial{24). Relative standard deviations range
from 4% to a maximum of 17%. For most experimeptaihts relative standard deviation is
less than 10 %, with a mean value of 9%. The maxinvalue of 17% corresponds to 1-
octen-3-ol. Brendel and Sandler (9) pointed out tha error of the HSGC technique can be
as high as 25% especially for compounds with lovwlsbty and high values of activity
coefficient at infinite dilution, as is the caselsbcten-3-ol.

1,E-02

8,E-03 1

6,E-03 1

p (kPa)

4,E-03 1

2,E-03 1

0,E+00 T T T T
0,0E+00 5,0E-06 1,0E-05 1,5E-05 2,0E-05

Mole fraction x

Figure 3.1.Partial pressure of benzaldehyde as a functiomolie fraction in the liquid phase
at three different temperaturee (40°C,m 45°C, A 50°C). Standard deviation for each data
has been drawn.

The temperature dependencey§fcan be expressed by an Arrhenius type relation(@aip

b
(T/K)

Iny® =a+ [3.5]

In generaly;” slightly increase with increasing temperature. Fégs.2 shows the logarithms
of y;”as a function of the reciprocal temperature ancttiieesponding Arrhenius fit.
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Table 3.2 also reports some activity coefficierdand in the literature for the compounds
studied in this work. For some of the compoundfedihces can be appreciated among the
different values reported in the literature. Instnegard Barrera Zapata et al. (25) emphasize
that accurate data fo” are not abundant and even for common systemefiianol in water

at room temperature, the experimental values regdary;” can vary by a factor of two.

@ 1-octen-3-ol @ 1-penten-3-ol
9,5 1 # 3-methylbutanal benzaldehyde
# 2 3-pentadione #hexanal
*
8.5 | ethylacetate
*— ¢ &
v —
7,5
% 6.5 - - —
£
5,5 1 -
&— 4 —¢
4,5 1 - . N
v v v
— * —
3,51
25 T T T T T
3,08 3,1 3,12 3,14 3,16 3,18 3,2

1000/T(K?Y)

Figure 3.2. Arrhenius plot of the activity coefficients atimie dilution for the volatile
compounds studied in this work. Standard devidtioreach data has been drawn.

48
4,6 1
°
z ¥\\%\\¥\\\‘\\\\4\\\\\\
= 431
£
[ ]
® °
4,11
3.8 : : : :
3 3.1 3,2 3,3 3.4 35
1000/T(K)

Figure 3.3.Values of the activity coefficients at infinitéution for ethyl acetate as a function
of temperatureq data obtained in this work literature values from Table 3.2).
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Table 3.2.Experimental values of Henry’s law constanf)(H;” obtained with Equation 3.2
and literature values of;” .

RSD
Compound T (K) H kPa i (%) y? (literature)

31315 1761102 69 6  683%° 6g2°
Ethyl acetate 318.15 2267+125 72 4 639" 53*°
32315 2860+165 74 4  845%C09 ggc

313.15 2190+193 160 9 161
3-Methylbutanal  318.15  2870+240 166 9  464°%¢®
323.15 3982+320 185 8

313.15 1087 +94 173 9
2,3-Pentadione  318.15 1582 +138 195 9
323.15 2133 +146 207 7

313.15 153 +13 47 9
1-Penten-3-ol 318.15 211 + 23 48 10
323.15 315+54 54 11

313.15 2097 +283 625 14  813%¢® 1271719909

Hexanal 318.15 2754+321 634 14  1213°°®

_ 26- 25T ,(20)
32315 32914431 501 13 101271000

313.15 241+19 545 8 559726 222 19125¢ €8
Benzaldehyde 318.15 333+26 559 8 14855 25¢ (22 251100C.(9)
323.15 454 +28 574 6

313.15 413+70 2179 17  3568%¢1) 3386%¢ @
1-Octen-3-ol 318.15 623+73 2310 12
323.15 943+84 2487 9
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Figure 3.3 shows the logarithms of the activityfiorents at infinite dilution obtained in this
work for ethyl acetate as a function of the reajptdemperature together with the data found
in the literature. From linear regression analydiall the data an activity coefficient of 67.8
can be estimated for ethyl acetate at 298.15 K. tRerrest of the compounds limited
published data do not allow precise comparison it results of the present work. For
hexanal, benzaldehyde and 1-octen-3ol a valu¥iwobf 694, 501 and 1753 respectively at
298.15 K can be extrapolated from experimental dgtarted in this work.

3.1.3.2. Multicomponent solute + solvent system.

Activity coefficients at infinite dilution for eactolatile compound, previously considered in
this work, were also determined in a mixture formeg all the volatile compounds
(multicomponent solute) and the solvent (waterpl&a.3 shows the;” values obtained for
each compound in this multicomponent mixture atCA8Rd the values obtained at the same
temperature in a single component solute mixture.

Table 3.3 Activity coefficients at infinite dilution obtad in a single component solute
aqueous solution and in a multicomponent solutesags solution at 40°C.

00 00

Yi Yi

Compound Single component RSD Multicomponent solute RSD
solute mixture () mixture ()

Ethyl acetate 69 6 71 8
3-Methylbutanal 160 9 179 9
2,3-Pentadione 172 9 160 9
1-Penten-3-ol 47 9 49 8
Hexanal 625 14 601 14
Benzaldehyde 545 8 570 9
1-Octen-3-ol 2179 17 2164 10

This Table also presents the uncertaintydfthrough the percentage of the relative standard
deviation. As an example, Figure 3.4 shows thetsglartial pressure in the vapor phase as a
function of mole fraction in the liquid phase irethingle component solute mixture and in the
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multicomponent solutenixture for ethyl acetate. The values obtained rfarticomponent
solute-water mixtures at 40°C are similar to thais&ined for single solute component-water
mixtures concluding that no interactions take placgong the volatile compounds in the
range studied in this work. So, in this case, atunewith (n-1) components at a composition
close to zero and the solvent at a compositionectosl is similar to the situation of having
(n-1) binary mixtures formed by the solvent and {hel) components always infinitely
diluted (10). Similar results were obtained for Bawl Han (27) in the study of the infinite
dilution activity coefficients for various types systems.

4E-01 |

3E-01

©
a
X
o 2E01- %
]
1E-01 1 e
*
oe+00 ¢ : :
0.0E+00  5.0E-05  1.0E-04  15E-04  2.0E-04  2.5E-04

Mole fraction x;

Figure 3.4. Partial pressure of ethyl acetate as a functibmole fraction in the liquid phase
at 40°C ¢ Multicomponent solute aqueous solutigrsingle component agueous solution).
Standard deviation for each data has been drawn.

3.1.3.3. Effect of salt on activity coefficients anfinite dilution.

The effect of salt concentration oy’ has been evaluated by varying the sodium chloride
concentration from 0 to 1.71 mol/kg (0% to 10 w%)48°C. Henry’'s constants have been
calculated through the slope of solute partial gwes in the vapor phase as a function of mole
fraction of the solute in the liquid phase. Actvitoefficients were then deduced from
Equation 3.2. The experimental values are listeGable 3.4. As a general trend the values of
y; increase with increasing salt concentration, ¢fffiect is referred as “salting out” since an
increase of the activity coefficient value involnegrer solubility values.
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Table 3.4 Activity coefficients at infinite dilution at 4Dt different salt concentrations and
salting out coefficient, kat 40°C.

Compound g(mol/kg) > RSD (%) f k;

0.00 71 8
Ethyl acetate 0.34 86 8 0.995 0.58 £ 0.05

0.86 121 6

1.71 186 6

0.00 179 9

0.34 200 12 0.996 0.39+0.03
3-Methylbutanal

0.86 244

1.71 350

0.00 160 6

i 0.34 196 18 0.984 0.43 +£0.07

2,3-Pentadione

0.86 236 17

1.71 324 18

0.00 49 8

0.34 56 14 0.990 0.37 £0.03
1-Penten-3-ol

0.86 66 14

1.71 --

0.00 601 14

0.34 768 10 0.996 0.62 +£0.07
Hexanal

0.86 1029 10

1.71 1644 10

0.00 570 9

0.34 646 4 0.992 0.34 £0.04
Benzaldehyde

0.86 788

1.71 1003

0.00 2164 10

0.34 2493 11 0.995 0.56 +0.05
1-Octen-3-ol

0.86 3537 11

1.71 5679 9
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Brendel and Sandler (9) proposed the following &quoao correlatey” in salty solutions
based on the Setschenow empirical equation to latereolubility of substances in salty
solutions:

In(yf:j =k,c, [3.6]

i,0

where y;"is the activity coefficient at infinite dilution isalty solutions,y;, the activity
coefficient at infinite dilution in pure water, the salt concentration and the proportionality
factor, k, is the salting-out coefficient. Brendel and SandP) report a dependence of k on
temperature but this effect has not been studiethi;mwork. The values of the salting out
coefficients at 40°C are provided in Table 3.4.

The correlation factor was higher than 0.98 forahéhe compounds considered in this work.
According to Equation 3.3, the relative volatilityould also increase with salt concentration
due to the salting out effect.

3.1.4 Conclusions.

The Henry's law constant and the activity coefintiat infinite dilution of seven volatile
compounds found in brown crab boiling effluent haveen determined by using the
headspace gas chromatograpy technique. Experimdatal have been obtained at three
different temperatures 40°C, 45°C and 50°C. Thepé¢eature dependence of activity
coefficients at infinite dilution can be expresdgdan Arrhenius type expression.

Comparing the),” obtained in a single component solute aqueoustisolwith those
obtained in a multicomponent solute aqueous saluti@an be concluded that no, or little,
interactions take place among the volatile compsundthe concentration range studied in
this work. However, one should keep in mind that ttumber of volatile compounds
identified in the brown crab boiling effluent wasora than 150 compounds, including
aldehydes, ketones, alcohols, esters, aromatic @ongs and sulphur and nitrogen-containing
compounds (1).

Finally the effect of salt concentration has beardied by varying the sodium chloride
concentration from 0 to 1.71 mol/kg. As a geneus ractivity coefficients at infinite dilution
for all the volatile compounds considered in thisrkvincrease as the salt concentration
increases, showing a salting out effect.
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NOMENCLATURE.

Cs = salt concentration

H = Henry constant

k = salting out coeffficient
p = pressure

R = gas constant

T = temperature

y = activity coefficient

o = relative volatility

Upperscripts:

S: saturation

oo: Infinite dilution
Subscripts:

i = component

w = water
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3.2 Concentration by pervaporation of brown crab
most representative volatile compounds from
dilute model solutions with POMS membrane.

ABSTRACT.

In this work, the pervaporation technique is inigeged in the separation of dilute solutions
of volatile compounds from brown crab effluent ider to obtain a valuable food flavouring
fraction. A systematic study of the pervaporatioocess has been carried out on dilute model
solutions of some of the compounds identified ia tinown crab effluent as typical volatile
compounds. The membrane used in this work was eopiidbic membrane with a selective
layer of POMS (polyoctylmethyl siloxane). The effef some operating variables, such as
feed flow rate, feed concentration, feed tempeeaturd permeate pressure was analyzed on
the pervaporation performance of the membrane.

Keywords:volatile compounds, concentration, pervaporat®@MS membrane

3.2.1 Introduction.

Brown crabs are found in the Eastern Atlantic aredreeavily exploited commercially being

available throughout the year. The brown crab tigeffluent produced during boiling is

believed to contain important amounts of volatitfevéur components (1). This work is part of
a wider study to consider the conversion of thispbgduct into valuable volatile concentrate.
Concentrates of the volatile species have conditiergommercial utility, especially in the

food industry due to longer shelf life, reducedkazaging and lower distribution and storage
costs (2). Additionally, organic removal from watat low concentrations involves an
important environmental challenge.

Cha et al. (1) studied the concentration of theidigeffluent produced during snow crab
boiling by steam distillation. However, this tecié involves high energy consumption as
well as physical aroma losses (3). In this worl, plervaporation process has been considered
to recover the volatile fraction from brown cratflegnt. Pervaporation is a membrane
process which has been developed rapidly in the2@syears for aroma concentration (2)
since the addition of chemical solvents is avoidédiditionally moderate operating
temperatures help to minimize degradation of arohzaacter.

Brown crab effluent was supplied by IDOKI SCF Tealugies S.L. (Spain). The first step in
this work was to determine the main volatile orgaodmpounds present in the industrial
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effluent. More than 150 compounds were identifiethie brown crab effluent. These included
mainly aldehydes, ketones, alcohols, esters, aiornatmpounds and sulphur and nitrogen-
containing compounds. To study the ability of ppasation process to recover the volatile
fraction from the brown crab effluent seven of itlentified compounds have been selected
for a model aqueous solution of brown crab efflueiMocten-3-ol, 1l-penten-3-ol, 3-
methylbutanal, hexanal, benzaldehyde, 2,3-pentacao ethyl acetate.

A systematic study of the pervaporation procedb®tilute model solution was performed in

order to analyze the influence of some operatingaltes on the pervaporation performance.
The permeation flux and enrichment factor of theded volatile compounds were analyzed
at different operating conditions: feed flow rateed temperature, feed concentration and
permeate pressure.

3.2.2 Theory.

On the basis on the solution/diffusion model thex tf component i through the membrane is
proportional to the difference in partial vaporgsere at both sides of the membrane (4):

Ji = Qov,i ()ﬁ YipS -y, pp) [3.7]

where J, is the partial permeation fluxQoy; the pressure-normalized permeation flux
(permeance)x the mole fraction of component i in the fegtthe activity coefficient andp’

the saturation vapor pressure at the temperaturtheoffeed,y;, the mole fraction in the
permeate ang@, the permeate pressure. In case of pervaporatiailuie aqueous solutions
activity coefficients at infinite dilution in watefy’) are used as feed-side activity
coefficients due to the very low concentrationsamima compounds in the feed (5). In this
work, the activity coefficients at infinite dilutioin water were estimated with the help of the
software Aspen plus (6) by using UNIQUAC equatiohew binary interaction parameters
were available, otherwise the predictive method EAI-Dortmund was used.

According to the resistance-in-series model, the itwain mass transfer resistances that affect
the pervaporation process are the liquid boundamerl resistance and the membrane
resistance. At steady state the flux through tffergint mass transfer layers is equal:

Ji = Q)vj ()ﬁ Vi piS ~ Y pp) = kbl,ilo(xif - Xim) = Qm,i (pim - pip) [3.8]

where k; is the liquid boundary layer mass transfer cogffit; p the total mass volume
concentration of the feeoxim mol fraction of i at the membrane-fluid interfacg,; the
pressure normalized permeation flux across the mamebandp;"the partial vapor pressure
of i at the membrane-fluid interface. The resttaf symbols are the same as in Equation 3.7.
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The overall mass transfer coefficient in the stestdye can be expressed as the sum of these
two resistances:

1 _np, 1
Qov,i kb,I p Qm,i

[3.9]

The term y; p;? / p is the conversion factor from a concentration idgvforce to a partial
vapour pressure driving force. The overall masssfiexr coefficient @, ; of Equation 3.7 can
be obtained from experimental measurements of ¢éhegate flux and feed concentration of
the permeating component i. The liquid boundanetagass transfer coefficienty Kk is
related to the feed hydrodynamic conditions andam be estimated from the Sherwood
correlation in terms of Reynolds (Re) and Schndf) (humbers for a plate-and-frame module

(7):

kbI dh

1/3
Sh= = 186Re"? Sc“s(d—l_“j [3.10]

i,water

where d is the hydraulic diameter, L a characteristic rmeasof the module defined by
Dotremont et al. (1994) for a similar plate andnfea module and [Ra..r the diffusion
coefficient of i in water estimated using the Wikbang correlation (8).

For pervaporation of dilute organic solutions, Hueindary layer mass transfer resistance for
water transport is assumed to be negligible (9):

3, = Q" PV — YuPy) [3.11]

for dilute aqueous solutions activity coefficiemtdamolar fraction of water are approximately
equal to 1.

The separation performance of a pervaporation mangbcan be described in terms of the
permeation flux and the separation factor of thentmane (10). The enrichment factor of a
given component is the relationship between theeaination in the permeate and the feed:

ﬁi :Wi,p/vvi,f [3.12]

In dilute systems, as aroma recovery systems,divers enrichment factor is close to one, so
aroma enrichment factors can be considered equiaétoorresponding separation factors.
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3.2.3 Experimental section.

3.2.3.1. Materials.

Pervaporation membrane

The membrane used in this work was a hydrophobimimnane kindly supplied by GKKS
Research Center (Germany). This membrane has igeliayer of POMS (polyoctylmethyl
siloxane) on a PEI (poly ether imide) support (hd8/011).

Volatile compounds

The identification of the main volatile componepi®sent in the brown crab effluent was
performed by using a headspace-solid phase dynartiaction-gas chromatography/mass
spectrometry (HS-SPDE-GC/MS). More than 150 compswwere identified in the brown
crab effluent. Among them, seven compounds haven lsedected for a model aqueous
solution of brown crab effluent. The selected vitdatompounds belong to different chemical
classes: 1l-octen-3-ol (Sigma Aldrich, 98 %), 1l-per3-ol (Sigma Aldrich, 99 %), 3-
methylbutanal (Sigma Aldrich, 97 %), hexanal (Sigaldrich, 98 %), benzaldehyde (Sigma
Aldrich, >=99 %), 2,3-pentadione (Sigma Aldrich, @} and ethyl acetate (Sigma Aldrich,
HPLC grade).

These compounds are characteristic of seafoodftavieocten-3-ol has been reported to be
one of the volatile components widely distributadfiesh and saltwater fish, 1-penten-3-ol
contributes to a butter-like odor (although its mago treshold value is rather high), 3-
methylbutanal is one of the most abundant volatdenpound in boiled and pasteurized
crabmeat, hexanal is one of the most abundantileslagenerated during lipid oxidation at
moderate temperatures, benzaldehyde contributebaracteristic cooked crab flavour and
ketones such as 2,3 pentadione contribute to theetswioral, fruity flavour of many
crustacean (1,12,13). Ethyl acetate was also fonnithe brown crab effluent and it was
included in the model solution since could be cdei®d as model molecule (Baudot et al.,
1999).

Table 3.5 summarizes the organoleptic charactesisif the selected volatile compounds
including the aroma threshold values (ATV), defiredthe lowest concentration in a water
solution at which an aroma compound is perceptibable 3.6 lists some thermodynamic
properties of the selected compounds, includingiictcoefficients at infinite dilution and
vapor pressure of the volatile compounds. Vapoisquee correlations were obtained or
predicted by using Aspen Plus (2008) except forp2@tadione which Antoine constants
were obtained from the literature (Soni et al.,&00
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Table 3.5 Aroma compounds used in the model solution (11).

Aroma compound Organoleptic characteristics ATV,
ppb
1-octen-3-ol Very strong, sweet, earthy mushrocaoy daste 1.0
1-penten-3-ol Pungent, grassy, alliaceous-likeemgre=getable, fruity taste 400
3-methylbutanal Powerful, penetrating, cheesy-syvfaity in dilution 0.2-2
Hexanal Strong, penetrating, fatty-green, grassipariruit odor 4.5
Benzaldehyde Odor of bitter almond oil, charactersveet cherry taste 350
2,3-pentadione Oily-buttery, fatty odor, butteieam, milk taste 30
Ethyl acetate Ethereal, sharp, wine-brandy likerodo 5.0

Table 3.6.Physicochemical properties of the volatile comptsun

Compound MW BP (°C) *{26°C), Pa y(26°C) VMBP (cc/mol)
1-octen-3-ol 128.2 174-5 65 4955.4 180
1-penten-3-ol 86.1 114.4 1348 17.0 117
3-methylbutanal 86.1 92.5 7035 164.6 118.9
Hexanal 100.2 128.3 1540 1047.2 140.0
Benzaldehyde 106.1 178.8 181 273.7 118.6
2,3-Pentadione 100.1 108 2918 282.4 121
Ethyl acetate 88.1 77.1 13045 75.3 106.3
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Figure 3.5 shows the vapor pressure of the volatitapounds including water vapor pressure
as a function of temperature. This Figure cleaHgvgs that 1-octen-3-ol and benzaldehyde
are the less volatile components while ethyl aeetatd 3-methylbutanal are more volatile
than water.

40

35 - = 1-penten-3-ol
== 1-octen-3-ol
—2,3-pentadione

30 A == 3-methylbutanal

benzaldehyde
25 ethylacetate
== hexanal
——\water

20 A

ps- 1C (Pa)

15 A

10 A

T(°C)

Figure 3.5.Vapour pressure of water and volatile compoundfuastion of temperature.

3.2.3.2. Feed solution.

Different feed solutions were used in this workrsEi pervaporation experiments were
performed using pure water as feed solution to khibe performance of the POMS

membrane. Further, separations of binary mixtunesdr/1-octen-3-ol) and multicomponent

mixtures were carried out in order to evaluateitifisence of some operating variables such
as: feed flow rate, feed concentration, feed teatpee and permeate pressure on
pervaporation performance.

3.2.3.3. Pervaporation experiments.

The pervaporation experiments were performed usteady state with a plate and frame
laboratory stainless steel permeation cell (SuZeemtech]) with an effective membrane
area in contact with the feed mixture of 170°qit¥). The temperature of the feed liquid
mixture was kept constant 0.5 °C) by using a thermostat to heat the stitanalt feed reactor
of 5L capacity. Permeate pressure was regulatéd am air-inlet located between the
condensers and the vacuum pump. The chemical igtabil the membrane was checked
between each experiment, measuring pure wateafloaference operating conditions.
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3.2.3.4. Sample analysis.

Permeate and feed concentrations were measuréidefising a Hewlett Packard (6890) gas
chromatograph (GC) equipped with series connedtedrtal conductivity (TCD) and flame
ionization (FID) detectors. Helium, 99.999 % pumas used as carrier gas. The GC column
was a 007 FFAP 25 m 0.25 mm bonded phase fused silica capillary colufie injector
and detectors were at 200 °C and 250°C respectiVab oven was operated at programmed
temperature, from 40°C to 220°C. 1-hexanol was asedternal standard for analysis of the
samples.

3.2.4 Results and discussion.

3.2.4.1 Pure water as feed solution.

The effect of feed temperature and permeate pressumembrane performance was studied
using pure water as feed solution to check the \betia of the POMS membrane. Feed
temperature was varied in the range 26 °C to 35°C.

By increasing feed temperature, water permeatian #8lso increases mainly due to the
increase of saturated water pressure on the feledadithe membrane (Equation 3.7). The
temperature dependence of water permeation fliae, £an be expressed by an Arrhenius-
type relation:

Jater = Juatero €XA= Egeter /RT) [3.13]

water water,0

where E waeriS the apparent activation energy of permeatiier Jthe preexponential factor
and T the absolute temperature.

An apparent activation energy of 46.65 kJ/mol (Fég.6) was found by fitting water
permeation flux obtained in this section (pure weade feed solution) as well as water
permeation flux obtained in the pervaporation datite compounds dilute aqueous solutions
(section 3.2.4.3).

Permeate pressure was varied in the range 100 P2a0® Pa. Figure 3.7 shows the water
permeation flux dependence on permeate pressutis. Higure shows experimental data
obtained using pure water as feed solution andrélelts obtained in subsequent studies
(section 3.2.4.3). According to Equation 3.11 wdhlex decreases with increasing permeate
pressure (Figure 3.7). For the POMS membrane eaémlilwater permeances were constant
whatever the feed temperature and permeate pressns&lered (1.95- 70+ 1.23-16 mols
'm?Pa’ for all the experiments performed in this work).
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Figure 3.6. Effect of temperature on water permeation flux a&B800 Pa ¢ pure watere
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3.2.4.2. Binary feed solution.

Boundary layer effect

First, the boundary layer effect was studied ingbevaporation of the binary system water/1-
octen-3-ol by varying the feed flow rate betweerk@h to 92 kg/h. According to resistance-
in-series model when boundary layer is dominanistasce, mass transfer across the
membrane increases with feed flow rate due to aedse of the boundary layer thickness.
Figure 3.8 shows the effect of increasing feed flate on partial (water and 1-octen-3-ol)
permeation flux. Water and organic permeation ffuwere approximately constant inferring
that little concentration polarization takes pladée mass transfer coefficient, kwas
calculated according to Sherwood correlation (Egues.10). The relative significance of the
boundary layer mass transfer resistance was estinb@ss than 2% of the total resistance in
the range of feed flow rates studied in this wddawever this result must be carefully
considered since Olsson and Tragardh (17) in ttedy of the influence of feed flow velocity
on pervaporative aroma recovery pointed out than8hod correlation could overestimates
the mass transfer coefficient of the liquid feedrdary layer.

1,6 6
& 127
& —
(] 4 Q‘C-
= £
Y e & o o o 2
=L 081 =)
] =)
-
. * 2
0,4 1 o * o o o
0,0 . . 0
0 50 100 150
Re

Figure 3.8.Water () and 1-octen-3-ol (i¢) permeation flux at different Reynolds 400
Pa, T = 26°C, Geea = 5 ppm).

Effect of feed concentration

The effect of organic feed concentration was stulidgg water/1-octen-3-ol by varying the
volatile feed concentration in the range of 0.1.@oppm. By increasing the concentration of
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the volatile component in the feed solution, orgayartial permeation flux increases. A linear
dependence of organic permeation flux can be agdimmthie range of concentrations studied
in this work (F = 0.97). However, water permeation flux remainedstant whatever the feed
concentration (within the experimental error) andilar to the values obtained when using
pure water as feed solution. The mean value foond-cten-3-ol enrichment factor was 37
5.

Finally the effect of feed concentration, feed tengpure and permeate pressure was study in
the pervaporation of a feed model solution congjstif seven volatile compounds: 1-octen-3-
ol, 1-penten-3-ol, 3-methylbutanal, hexanal, beshdayde, 2,3-pentadione and ethyl acetate.

3.2.4.3. Multicomponent feed solution.

Effect of feed concentration

The feed concentration of all the organic compoustdsied in this work was varied in the
range of 0.1 to 10 ppm at a fixed feed temperat26€C) and permeate pressure (300 Pa).
Volatile organic concentration found in the brownalr effluent was rather low (less than 2
ppm). A wider range has been studied to minimizersrin the volatile organic compound
determination. Figure 3.9 shows an acceptablerliredationship between organic permeation
flux and feed concentration?(> 0.95, except for benzaldehyde and 3-methylblitaha
0.93). This behaviour indicates that a constanmatized permeation flux (permeance) can
be assumed in the studied concentration range.

Figure 3.10 shows the membrane permeance for tlagilgccompounds studied in this work
as a function of organic concentration in the féBde greatest deviations were shown for
benzaldehyde. The lower values of the permeanceespmnd to 3-methylbutanal and
ethylacetate, these are the organic compounds thi¢h greater vapour pressure. The
enrichment factor for the volatile compounds wadeppendent of concentration in the range
investigated in this work. The observed tendencgrofchment factor was the followinf;.
octen-3-ol (lel) > Bbenzaldehyde(:93) > Bl—penten-s—ol (:25) > Bhexanal (:22) > BZ,3—pentanedione(:7) =
Bethylacetat=7) > Ba-methylbutanal=9)-

Water permeation flux remains constant and equahéoflux of pure water (within the
experimental error) whatever the feed concentraifche different aroma compounds.
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Figure 3.9 Effect of volatile feed concentration on volatiempound permeation flux (T =
26 °C, pp = 300 Pa).
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Figure 3.10.Volatile compound permeance as a function of ilel&ed concentration (T =
26 °C, p = 300 Pa).
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Compared to the binary system previously studiedctgén-3-ol shows an increase in
permeability in model multicomponent mixtures. Tislicates that the presence of other
organic compounds in the feed solution can affét membrane selectivity due to
interactions between the different aroma compoutadsthis case a positive effect was
observed in the 1-octen-3-ol permeation. Otheristudf the pervaporation of organic
compounds multicomponent mixtures (18-20) have albserved positive or negative
interactions between the permeating aroma compousaist al. (2006) explained that higher
fluxes than expected can be obtained when a petnoédow diffusivity is dragged through
the membrane polymer by a permeant of higher difftys the opposite can also happen.

Effect of feed temperature

Feed temperature is an important operating variabolee it affects the feed/membrane
characteristics and the driving force of the preces

The operating temperature was changed in the rafgeC to 35.7 °C at a fixed permeate
pressure (300 Pa) and different fixed feed conagatr (0.1, 5 and 10 ppm). Moderate feed
temperature is recommended in the study of peradipor of flavour compounds to avoid any
damage to heat-sensitive compounds. (2). Figurgé 8tibws the effect of temperature on
volatile compounds permeation fluxes at an orgéeecl concentration of 10 ppm for all the
volatile compounds. For all the organic compoundlen the temperature increases the
organic permeation flux increases. The variatiorihef volatile compounds permeation flux
with temperature was found to follow an Arrheniygpd relationship (Equation 3.13).
Apparent activation energy for permeation of arom@mmpounds follows the order:
Ea,benzaldehyd((‘]‘g-47 kJ/mOI) < E,l—octen—3—o(58-64 k‘]/mOI) < E,hexanal(79-55 k‘]/mOI) < E,l—penten—s—ol
(84'77 k‘]/mOI) < E,ethylacetate(86-81) < E,3—methylbutanal(87-66 kJ/mOI) < E,2,3pentadione(155-01
kJ/mol). The apparent activation energy found fbv@latile compounds is higher than that of
water (B water= 46.65 kJ/mol). A higher value of the appareritvaton energy indicates a
more sensitive behaviour towards temperature clsamgerring that water permeation flux is
less temperature dependence than that of volatitepounds. Therefore, the enrichment
factor of all volatile compounds increases withiraarease in the feed temperature. According
to the values found for the apparent activatiorrgynghis trend was more noticeable for the
most volatile component than for the less volatdenponents considered in this work.

Similar behaviour has been described in the liteeain the recovery by pervaporation of
different volatile aroma compounds through différparvaporation membranes (21-23). The
results found in this section show a strong depecele®n temperature for 2,3-pentadione.
Further studies are necessary to confirm such hetrav
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Figure 3.11. Effect of feed temperature on volatile compoundngation flux (Ci, feed=
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Figure 3.12. Enrichment factor of volatile compound at differeagierating temperatures
(Cifeea = 10 ppm, p= 300 Pa).
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Figure 3.12 shows the enrichment factor at theetteenperatures studied in this work at a
fixed feed concentration of 10 ppm for the volatiampounds. With increasing temperature,
the driving force increases because of the inangasapour pressure, and therefore the
permeate flux will also increase (see Equation. Adgitionally, an increase in the operating
temperature causes an increase in the motion gfdlyener chains improving the diffusion of
the permeant moleculeBigure 3.13 shows the ratio of partial permeationds obtained at
35.7 °C and 26 °C for all the volatile compounds avater. According to Olsson and
Tragardh (1999b) the contribution from improvedulifon and increasing driving force to the
increase of partial permeation flux has been dieova. This Figure shows that for water and
the less volatile components (benzaldehyde, 1-e8tehand 1-penten-3-ol) the increase in
partial permeation flux is mainly due to an inceeds the driving force. However the
contribution due to an increasing diffusion becomewgportant for the more volatile
compounds.

Enrichment factor values seem to decrease withagiparent activation energy values. The
activation energy that characterizes the temperati@pendence of the membrane can be
estimated by subtracting the heat of vaporizatianding from 35 kJ-mdlfor ethyl acetate to
57 kJ-mol for 1-penten-3-ol) from the calculated apparenivatibn energy (Feng and
Huang, 1996).
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Figure 3.13.Ratio of volatile compound permeation flux at 3%7and 26°C.
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Activation energy of aroma compounds follows thdeor E penzaidenyad-0.17 kd/mol) < E;.
octen»3—o|(8-26 kJ/mOI) < E,l—penten—?,—ol(27-72 kJ/mOI) < E,hexe1nal(36-73 kJ/mOI) < E,S—methylbutanal
(50.23 kd/mol) < Eethylacetatd51.57) < B2 3pentadion116.82 kd/mol).

From the values of activation energy, it could baatuded that sorption contributes more to
permeation of 1-octen-3-ol and benzaldehyde mabsc(the more hydrophobic compounds
and less volatile). In contrast, the permeatiortiierrest of the volatile compounds studied in
this work seems to be a diffusion dominating preces

Effect of permeate pressure

Permeate pressure is another operating parameteafflects the pervaporation performance
as well as the operating cost of the process (Raisl., 2008). Different behavior was
observed for organic permeation fluxes when varyiagneate pressure in the range studied
in this work (100 Pa — 1800 Pa). Trifunovic et(@D06) state that in general components that
are less volatile are more sensitive to changegseimeate pressure than compounds with
higher volatility due to their smaller driving farcFigure 3.14 presents the effect of permeate
pressure on the enrichment factor of the aroma oomgts considered in this work.

For the low volatile components (1-octen-3-ol arehaldehyde) the enrichment factor
decreases as permeate pressure increases. Hoathagrcomponents such as 1-penten-3-ol,
hexanal and 2,3-pentadione are less sensitive dngels in permeate pressure. Figure 3.14
shows that the enrichment factor of the componetts higher equilibrium vapour pressure
than water (3-methylbutanal and ethyl acetate) detal increase as permeate pressure
increases.

150

100 Pa 1300 Pa E400 Pa

125 A @600 Pa @900 Pa 1800 Pa

Enrichment factor

Figure 3.14.Enrichment factor of volatile compound at diffdreperating permeate pressure
(Citeea = 10 ppm, T = 26 °C).
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These results agree with other findings that appediterature. According to Aroujalian and
Raisi (2007) if the less volatile component is there rapidly permeating species, selectivity
decreases as permeate pressure increases. Oménéand, if the more rapidly permeating
species are also the more volatile, selectivityaases as permeate pressure increases. As
pointed out by Wijmans et al. (26), this indicatesinique characteristic of pervaporation
process since separation can be improved by déngaae driving force of the process.

3.2.5 Conclusions.

In this work, the recovery of volatile componentsni a model solution was performed by
pervaporation with a POMS membrane. Pervaporagems to be a promising technique for
the recovery of aroma compounds from brown cralneft. POMS membrane has been able
to separate the organic compounds although orgmial permeation fluxes were not very
high. A constant water permeance was observedlifdhe experiments carried out in this
study. The membrane used in this work has showmehigelectivity towards the less volatile
components. Organic permeation fluxes increase f@&d concentration as a consequence of
a higher driving force for the mass transport. Enegyal partial permeation fluxes and
enrichment factors increase as the feed temperatareases. However different behavior
was observed for organic permeation fluxes withmeate pressure. As permeate pressure
increases enrichment factor of the less volatilmmanent was found to decrease, however for
the most volatile components enrichment factorsl tienincrease by decreasing the driving
force of the process. Operating conditions can pgmized to obtain permeates with a
maximum organoleptic quality in its aroma profifairther research is needed to account the
influence of other substances present in brown effilbent such as salt content.
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NOMENCLATURE.

dn = hydraulic diameter, m

D = diffusion coefficient, rms®

E. = apparent activation energy of permeation, kJ*mol
J = mass permeation flux, g-si”

ke = liquid boundary layer mass transfer coefficients'
L = characteristics of the module, m

p = pressure, Pa

Qov = pressure-normalized permeation flux, gns?®. Pa*
Qn = pressure-normalized permeation flux across tembnane, g5 m? P&
R = gas constant, kJ- riied™

T = absolute temperature, K

X, ¥ = mol fraction

p = total mass volume concentration of the feedyy-

v = activity coefficient

B = enrichment factor
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Upperscripts

i = component
m = membrane
p = permeate

s = saturation
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3.3 Concentration by pervaporation of brown crab
volatile @ compounds from dilute model
solutions: Evaluation of PDMS membrane.

ABSTRACT.

Pervaporation experiments with PERVAPTM 4060 memériaave been performed to study
its ability to concentrate some aroma compoundstified in the brown crab boiling effluent
from a model dilute aqueous solution. The effedieefl concentration, permeate pressure and
pervaporation temperature on the pervaporationopednce of the membrane has been
analyzed. The results obtained with PERVAPTM 4066miorane were compared with
experiments performed in a previous work with a FSMRElI membrane. Membrane material
seems to be a key factor in the permeate aromdepsifice different aroma profiles were
obtained with both membranes. The presence of otatiee compounds, such as sodium
chloride, in brown crab boiling effluent slightlynproves the pervaporation performance in
the concentration range studied in this work. Bagehvaporation experiments prove that the
loss percentage during long operation time is highpecially for the most volatile
compounds. Additionally, it has been shown thatvagoration performance can be
significantly improved by modifying the permeantcciit by means of two stage condensation
step.

Keywords:volatile compounds, pervaporation, salt effectM™@membrane

3.3.1 Introduction.

Shellfish flavour is a high value food product. Tiguid effluent of the seafood industry,

produced during boiling process, contains importamounts of flavour components (1).
Brown crabs are found in the Eastern Atlantic aredreeavily exploited commercially being

available throughout the year. This work is paraafider study to consider the conversion of
the brown crab effluent produced during boilingoirat valuable volatile concentrate. More
than 150 compounds were identified in the browrbchbailing effluent. These included

mainly aldehydes, ketones, alcohols, esters, aiornatmpounds and sulphur and nitrogen-
containing compounds
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Membrane separation techniques represent a pdtpattavay for the production of a natural
aroma concentrate and a disposable effluent (2r8a previous study (4), it has been shown
that organophilic pervaporation, performed withodypctylmethylsiloxane membrane, is able
to concentrate some components of the liquid eftll brown crab from a model dilute
solution. Pervaporation allows the use of modegterating temperatures to minimize
degradation of aroma compounds and avoids addfichemical solvents.

In this work, pervaporation through a polydimetilglsane membrane has been performed in
order to compare the ability of the two differemlymers, POMS and PDMS, to recover
aroma compounds found in the brown crab effluemhfa dilute model solution.

The effect of some important variables that deteenthe final aroma profile, such as feed
temperature, permeate pressure and feed concenttets been studied. Brown crab boiling
liquid effluent contains organic compounds and molatile compounds. The influence of the
presence of non-volatile components, such as @bls sodium chloride) was also analysed
by varying the salt content in the feed solution.

For industrial applications, a batch operation riefgrred to a continuous operation if the
aroma recovery is a short-term operation with nedit small amount of extracts (5). In this
work, batch processes have been performed to shedsecovery of aroma compounds from
model solutions.

Finally, fractioning experiments have been alsdqrered to improve the performance of
pervaporation by using a two stage condensatitineipermeate side.

3.3.2 Theory.

Solution/diffusion model is used to describe tlasport of permeating components through
the membrane being proportional to the differemceartial vapor pressure at both sides of
the membrane (6):

3, =Qo, (X VP - vip,) [3.14]

where J, is the partial permeation fluxQoy the pressure-normalized permeation flux
(permeance) the mole fraction of component i in the fegdthe activity coefficient andd’

the saturation vapor pressure at the temperaturtheoffeed,y;, the mole fraction in the
permeate ang, the permeate pressure. In case of pervaporatiaiiuié aqueous solutions,
activity coefficients at infinite dilutiony”) are used as feed-side activity coefficientshis t
work, the activity coefficients at infinite diluticin water were obtained from a previous work
in which activity coefficients at infinite dilutiomvere obtained by using the headspace gas
chromatography technique (7).
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Separation performance of a pervaporation membranease of pervaporation of dilute
agueous solutions, can be described in terms oéniehment factor. The enrichment factor
of a given component is the relationship betweendbncentration in the permeate and the
feed:

Bi =Wip/Wis [3.15]

In dilute systems, as aroma recovery systems,divers enrichment factor is close to one, so

aroma enrichment factors of organic compounds eatobsidered equal to the corresponding

separation factors. There is usually an oppositedibetween permeation flux and separation
factor i.e.: when one factor increases the otheredeses. This way, a pervaporation separation
index (P.S.I.) has been defined as a measure sktbaration ability of a membrane (8):

P.S.I. = di- Separation factor [3.16]

To describe the batch operation systems, the fatigwxpression inferred by She and Hwang
(5) was used:

a+| -t
In[iJz . \Ca) t [3.17]
X

This expression was obtained by combining the ri@tdralance to the feed tank and
membrane system with the expression of the orgagimeation flux considering negligible
the partial pressure of organics in downstreaynp, << X )7 p°). She and Hwang (5)
introduced a term, K to consider the flavor loss rate in unit of mpligiich represents how
quickly the flavor organic compound is lost duestveral reasons such as system leakage,
partial condensation or incomplete collection ia gervaporation system. In Equation 3.17 X
is the concentration of residue of component igedf tank, ) is the initial mole fraction of
component i at the beginning of the processis\the initial volume of the feed solution, an t
is the operation time. Parameter a is defined as:

g2 QoviPIVI A

- -K, [3.18]

tot
where G is the total mole concentration of the feed solut{for dilute pervaporation

becomes approximately the pure water molar dendityy the membrane area ang Is the
total permeation volume flow rate (dV =y#t). According to She and Hwang (5) the residue

-75 -



Obtencién de concentrados aromaticos mediante PV

percentage and recovery percentage are calculateBgbation 3.19 and Equation 3.20
respectively:

K 1+{a+K/Cot )/ Ky
residug%) = (1——th -100 [3.19]
VO
1+ q/K K 1+(a+KL‘i/ctot)/ Kv
recovery(%) = v 1—[1——Vt] -100
1+ (a+ KL,i /Ctot )/ KV VO [3.20]

3.3.3 Experimental section.

3.3.3.1. Materials

A dense membrane was used in this study: PERVARO60 (Sulzer Chemteth
Switzerland), a membrane whose active layer isbaseolydimethylsiloxane (PDMS).

A multicomponent aqueous dilute solution was pregawith seven selected volatile
compounds [4] belonging to different chemical aesssl-octen-3-ol (Sigma Aldrich, 98 %),
1-penten-3-ol (Sigma Aldrich, 99 %), 3-methylbutiarf&igma Aldrich, 97 %), hexanal
(Sigma Aldrich, 98 %), benzaldehyde (Sigma Aldricés99 %), 2,3-pentadione (Sigma
Aldrich, 98 %) and ethyl acetate (Sigma Aldrich, lIP grade). Some thermodynamic
properties of the selected compounds are listdébie 3.7.

3.3.3.2. Pervaporation experiments

The pervaporation experiments were performed withlate and frame laboratory stainless
steel permeation cell (Sulzer Chemtéchith an effective membrane area in contact with t
feed mixture of 170 cf(9). The temperature of the feed liquid mixturesvkapt constants(
0.5°C) by using a thermostat to heat the stirak tfeed reactor. The permeate was
condensed on two parallel glass cold traps coolediduid nitrogen to ensure that all
permeates were fully collected. Permeate pressai® negulated with an air-inlet located
between the condensers and the vacuum pump. Falysstate operation the feed reactor has
5 L capacity. This way, due to the small amounp&imeate product, the concentration of the
volatile compounds in the feed tank was kept apprately constant. For unsteady state
operation the ratio membrane area to initial feetlme ratio (A/Vo) was higher than for
steady state operation so the feed concentratiwolafile compounds continuously decreases
as pervaporation takes place. In the case of @raicty in the permeate side, two condensers
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were placed in series in one of the two parallelmeate circuits. The first condenser was
cooled in a refrigerant bath using a Julabo FP§0stat. The second condenser was cooled
with liquid nitrogen and act as a total conden$ée chemical stability of the membrane was
checked by measuring pure water flux at referepesating conditions.

Table 3.7 Physicochemical properties of the volatile coomps.

Compound MW, g/mol BP (°C) SpPa v H-10% Pa
1-octen-3-ol 128.2 174-5 65 1779 11.6
1-penten-3-ol 86.1 114.4 1348 38 5.1

3-methylbutanal 86.1 92.5 7035 127 89.3
Benzaldehyde 106.1 178.8 181 504 9.1
2,3-pentadione 100.1 108 2918 133 38.8
Hexanal 100.2 128.3 1540 599 92.3
Ethyl acetate 88.1 77.1 13045 62 80.9

3.3.3.3. Sample analysis

Permeate and feed concentrations were measuréidefising a Hewlett Packard (6890) gas
chromatograph (GC) equipped with series connedtedrtal conductivity (TCD) and flame
ionization (FID) detectors. Helium, 99.999 % pumas used as carrier gas. The GC column
was a 007 FFAP 25 m 0.25 mm bonded phase fused silica capillary colufine injector
and detectors were at 200 °C and 250°C respectiVab oven was operated at programmed
temperature, from 40°C to 220°C. 1-hexanol was asedternal standard for analysis of the
sample.

3.3.4 Results and discussion.

First, the effect of different operating variablesach as feed temperature, permeate pressure
and feed concentration in the pervaporation perdoce of PERVAPTM 4060 membrane is
presented. Further, these results are comparedawitevious work (4), where pervaporation
was carried out with a POMS/PEI membrane. Afterwarthe results obtained in batch
pervaporation performance are presented. Thereffeet of sodium chloride is analysed by
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varying the salt concentration in the feed. Finaliyne preliminary results of optimization of
pervaporation by two step condensation are disdusse

3.3.4.1. Evaluation of PERVAPM 4060 performance.

Effect of feed concentration

The effect of feed concentration on membrane pexdioce was investigated in the range of
0.1 to 50 ppm at a fixed feed temperature (26°@d) @ermeate pressure (300 Pa). Since the
experiments were carried out at very dilute correion, the total permeate flux is close to
the water permeate flux and remains almost con8a8054 mol/rfs) whatever the volatile
compounds feed concentration.

Figure 3.15 shows that volatile organic compouridses present a linear relationship with
the feed concentration for all the compounds stlidfiethis work (f > 0.99 except for 2,3-
pentanedione that shows %=r0.97). Since the activity coefficients at infaidilution are
constant, and the polymeric membrane swelling eandmsidered negligible, the normalized
permeation flux (permeance) of the organic compsuadd water, and consequently the
separation factor, remain constant. This fact wawgd by the linear behavior of organic
permeate fluxes with feed concentration in the eatration range studied in this work.

3,0E-06
#1-octen-3-ol 4 1-penten-3-ol
#3-methylbutanal benzaldehyde
#2 3-pentanedione # hexanal
¢ethylacetate
—~ 2,0E-061
(%]
N
S
=
o
S
N—r
o
—~ 1,0E-064
0,0E+00 T T T
0,0E+00 3,0E-06 6,0E-06 9,0E-06 1,2E-05
X; (mol/mol))

Figure 3.15.Effect of volatile feed concentration on volatirgound permeation flux {dy
=26 °C, p = 300 Pa) in the experiments performed with PERVAP60.
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The enrichment factors obtained through the PDM$nbmane are reported in Table 3.8.
Benzaldehyde was found to have the highest enrichfaetor. This way, Baudot and Marin
(10) assessed that the pervaporation membranesveaye permselective for aldehydes
containinig a benzene ring, which enhances thetirdphobicity and, consequently, their
solubility in the pervaporation membrane. Ethyltatee and 1-octen-3-ol also exhibit high
separation factors. On the other hand, the seigctor 2,3-pentanedione was found to be the
lowest, exhibiting a separation factor value of 10.

Table 3.8.Pervaporation parameters GfFERVAP" 4060. Comparison of the performance of

PERVAP" 4060 and POMS/PEI membranes at a fixed feed terperé26°C) and permeate
pressure (300 Pa).

PERVAP™ 4060 POMS/PEI
Compound B PSI (mol/nis) B PSI (mol/nis)
1-octen-3-ol 36 1.980" 120 8.7710°?
1-penten-3-ol 25 1.360" 25 1.9210?
3-methylbutanal 18 9.950° 5 3.8710°
Benzaldehyde 51 2.780" 93 7.51102
2,3-Pentadione 10 6.710° 7 5.2010°
Hexanal 23 1.2a40" 22 1.7410°?
Ethyl acetate 39 2.150" 7 5.5510°

Effect of feed temperature

The operating temperature studied was varied imaghge 26 °C to 40 °C, to prevent thermal
decomposition of the thermolabile aromatic compaurithe experiments were carried out at
three different feed concentrations (1, 5 and 1M)pand at a fixed permeate pressure (300

Pa). In the temperature range studied, water permeditionincreased exponentially from
0.0054 mol /rfs to 0.012 mol/fs.
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Figure 3.16 shows the effect of temperature ontN®laompounds permeation fluxes at an
organic feed concentration of 10 ppm for all théatite compoundsPartial permeate fluxes
increase exponentially with increasing feed temipeea

-11

@ 1-octen-3-ol @ 1-penten-3-ol
-12 A 3-methylbutanal benzaldehyde
@ 2,3-pentanedione ¢hexanal

*
131 ethylacetate

214 4
-15 1

-16 -
*

-17 4

In Ji (mol/m2s)

-18 T T T T
3,15 3,2 3,25 3,3 3,35 3,4

1000/T (K-1)

Figure 3.16. Effect of feed temperature on volatile compoundmpation flux (€ feeq =
10 ppm. p= 300 Pa) in the experiments performed with PERV/AB60.

The effect of feed temperature can be describeahbdrrhenius type equation:

E
J =3, expg ——= [3.21]
' RT

where E; is the apparent activation energy of permeatigrthé preexponential factor and T
the absolute temperatur&pparent activation energies for permeation of ara@ompounds
and water are reported in Table 3.9 for PDMS menwra

This parameter characterizes the overall effecteoiperature on the permeability and the
driving force for permeation (11). A higher valuktlee apparent activation energy indicates a
more sensitive behaviour towards temperature clgariggble 3.9 shows that, Eor most of
the organic compounds is higher than that of waberept for benzaldehyde and ethyl acetate.
However, the difference in the apparent activagorrgy of organic compounds and water is
not a big value. Therefore, it cannot be stated general trend that the enrichment factor of
volatile compounds increases with temperaturepatih for some of the volatile compounds,
such as 1-octen-3ol, the increase of the enrichraatbr with temperature is remarkable.
This behaviour can be observed in Figure 3.17 ghatvs the enrichment factor at the three
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temperatures studied in this work at a fixed feedcentration of 10 ppm for the volatile
compounds.

Table 3.9. Apparent activation energies of the volatile orgaoompounds in the experiments
performed with PERVAP 4060 and POMS/PEI membranes.

a kJ/mol)
Compound PERVAP' 4060 POMS/PEI
1-octen-3-ol 60.87 58.64
1-Penten-3-ol 48.21 84.77
3-Methylbutanal 54.41 87.66
Benzaldehyde 37.48 49.47
2,3-Pentanedione 68.99 155.01
Hexanal 47.86 79.55
Ethyl Acetate 26.67 86.81
Water 43.13 46.65

The effect of temperature on selectivity dependshanges of sorption of organic compounds
on the membrane and its diffusion through the meambrwith temperature. According to
Feng and Huang (11) the activation energy, ®hich characterizes the temperature
dependence of the membrane can be estimated byastifg the heat of vaporization from
the calculated apparent activation energy. Thisutailed activation energy follows the order:
Ep,l—penten—3—ol('8-8 k‘]/mOI) < E,ethylacetate('&6 kJ/mOI) < E,benzaldehyde('s-?’ kJ/mOI) < l|§-,he><ana|('

1.8 kJ/mol) < E water( -0.5 kI/Mol) < E1.octen-3-0(10.5 kI/mol) < < < Eg.methyibutanal(17.0
kJ/mol) < E 2 3pentadiond28.1 kJ/mol). Negative values of, ihdicate that the membrane’s
permeability decreases with increasing temperatiree the permeant flow rate depends on
partition and diffusion through the membrane P =[wBere D and S are the diffusivity and
solubility coefficients respectively), Fcan also be expressed as the activation energy of
permeating compounds to diffuse through the menayrigy) plus the enthalpy of dissolution,
AHg (11). Enthalpy of dissolution is usually negativeedo exothermic sorption processes.
However the diffusion coefficient increases witrgasing operating temperature. According
to the level of contribution, Fwill be positive or negative (12). Consideringtthar some of
the volatile compounds the value of the activagoergy of permeation is negative, it can be
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concluded that for PDMS membrane temperature heater effects on sorption than on
diffusion. Similar results were obtained by She alvaang (13) for PDMS membranes. This
fact can be also appreciated in Figure 3.18.

70

HT=26°C ET=30°C 4T=36°C ®T=40°C

60 -

50

Enrichment factor

Figure 3.17.Effect of the feed temperature on the separatiotofeof the volatile compounds
operating (GCweq = 5 ppm. B =300 Pa) in the experiments performed with PERVADGO.

4,5

4 ®J40/J26 =DF40/DF26

3,5 1

Jy0ocda60c@Nd DFgoc DF60c

Figure 3.18. Effect of the feed temperature on the flux andvinigi force ratio for
PERVAP"4060 (G.ea = 10ppm, R =300 Pa). DF =driving force of the process.
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According to Olsson and Tragardh (14), this Figsihews the ratio of partial permeation
fluxes obtained at 40 °C and 26 °C showing alsocth@ribution from increasing driving
force. This Figure shows that in general, the iaseein partial permeation flux is mainly due
to an increase in the driving force. For some @f Yblatile compounds a greater effect of
temperature on sorption can be appreciated simceatio of partial permeation fluxes is even
lower than the corresponding increase in drivingdo This result agrees with the trend of
enrichment factor with temperature (Figure 3.17).

Effect of permeate pressure.

Permeate pressure was varied in the range 300R&8CA a fixed feed concentration (1ppm)
and a fixed temperature (26°C). Water permeatior flecreased from 0.0054 mofmto
0.0027 mol/rfs. According to Equation 3.14 increasing the petm@aessure will decrease
the permeate flux. This fact can be observed inr€i@.19 where organic permeation flux has
been plotted as a function of permeate pressure.
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@ 1-octen-3-ol @ 1-penten-3-ol
3-methylbutanal  benzaldehyde
@2 3-pentanedione®hexanal
8,E-08- # ethylacetate
«
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0,E+00 T T .
0 500 1000 1500 2000
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Figure 3.19.Effect of the permeate pressure on the partial pation flux of the volatile
compounds in the experiments carried out with PEBRVAO60 (G tceq = 1 PPM. Teeq =
26°C). The continuous lines are to guide the eye.

Figure 3.20 illustrates the effect of the permegmessure on enrichment factors of the volatile
compounds. The effect of the permeate pressurendspn the thermodynamic properties of
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the compounds. As a general trend, for organicpaamds with low values of Henry’s law
constant (see Table 3.7) the pressure in the péensate is not negligible respect to pressure
in the feed side and the driving force of the pssceecreases with increasing permeate
pressure. This way, volatile compounds such astdreg-ol, benzaldehyde and 1-penten-3ol
are more sensitive to changes in permeate preddawmeever, for other organic compounds,
such as 3-methylbutanal, 2,3-pentadione and ettethge enrichment factor remains more or
less constant with the permeate pressure. For twespounds the driving force of the process
remains almost constant in the pressure rangeestunithis work, due to the high values of
the Henry's law constant (see Table 3.7). It mwstpbinted out that in our case, hexanal
exhibits high values of the Henry’s law constant, &nrichment factor tends to decrease with
increasing permeate pressure.

70

H300 Pa H400Pa #600 Pa
60 1 =900 Pa H1200Pa 11800 Pa

50 A

40 -

30 1

Enrichment factor

20 1

10 A

Figure 3.20.Effect of permeate pressure on the enrichment faxdftthe volatile compounds
in the experiments carried out with PERVE#060 (G e = 1 ppm. T=26°C).

3.3.4.2 Comparison of PERVAP" 4060 and POMS/PEI performance.

The main objective of this work is the study of thkility of pervaporation processes to
concentrate the volatile compounds found in thevbrarab liquid boiling effluent. In this
study pervaporation has been performed through B®Mhembrane, while in a previous
work, results were obtained by using a POMS mengran

Table 3.8compares the performance of PERVAR060 and POMS/PEI membranes at a feed
temperature of 26°C and at a permeate pressur8Pa. Volatile compounds from dilute
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agueous solutions have been successfully conceatibgtthese two hydrophobic membranes.
However, POMS membrane produced a lower total fAocording to She and Hwang (5)
this can be due to the bulky octyl group in the POpMlymer that could rejects more water
molecules from passing through the membrane.

Regarding the enrichment factors (Table 3.8) itlsarconcluded that membrane material has
a great influence in the aroma profile of the peatae The volatile compounds with high
vapor pressure, ethyl acetate and 3-methylbutahalved the lowest separation factor with
POMS/PEI membrane. However PERVAXP4060 membrane is more selective to these
compounds, achieving acceptable separation faétorlsoth compounds. On the other side,
the less volatile compounds, 1-octen-3-ol and Heekhgde, show a decrease in the
enrichment factor when comparing POMS/PE| membwitte PERVAP ™ 4060

Table 3.8 also presents the pervaporation separaiaex (Equation 3.16) for the organic
compounds obtained with the two different membramedymers. PERVAP' 4060
membrane exhibits higher pervaporation separatimtex than those corresponding to
POMS/PEI membrane for all the aroma compoundsetiudize to the higher permeation flux
through PERVAP" 4060.

Table 3.9 lists the apparent activation energigaingd in this work for water and the organic
compounds and those obtained in a previous wotk &yRPOMS membrane Eehas similar
value for both polymers. However, &anic compounaresents higher values for POMS/PEI
membrane showing that it is more sensitive towattsnges in temperature. In fact, in a
previous work (4), it was found that enrichmenttéaéncreased with temperature for all the
organic compounds, while this behavior was not ofesk with PDMS membrane (Figure
3.17). Additionally, it was reported (4) that di§ion contribution was found to be important
in POMS membrane. However, as it has been explainesection 3.3.4.1, for PDMS
membrane, temperature has greater effects on @orbhtan on diffusion. These results show
that the effect of temperature on pervaporationfoperance is strongly influenced by
membrane polymer. Similar conclusions were raise®ie and Hwang (13). Based on these
results, POMS membrane would be a superior chol@nworking at high temperature, but
pervaporation working temperature is usually naghhto avoid damage of the aroma
compounds. The different aroma profile obtainedthie permeate for a 10 ppm feed
concentration for all the aroma compounds at difiettemperatures for both polymers, are
compared in Figure 3.21.a and 3.21.b. These diageam based on the Weber-Fechner law
that establishes that the odor intensity is depainde the logarithm of concentration of
odorant. In this work, it was assumed that therdomtiion of all the organic compounds to the
overall aroma is qualitatively the same. Therefdhe aroma profile of the feed solution
consists in a regular heptagon whose distortiorthan permeate estimates the difference
between the initial aroma in the feed solution d@hd final aroma collected after the
pervaporation process. This distortion dependserselectivity that the membrane shows for
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the different aroma compounds. From Figures 3.2ach3.21.b it can be easily observed that
the aroma profile of permeate is more similar ®féed solution profile for PERVAP 4060
than for POMS/PEI membrane.

e ced solution e 250C, 300 Pa e===30°C, 300 Pa
@mn350C, 300 Pa @ /0°C, 300 Pa

1-octen-3-ol
ethyl acetal 1-penter-3-ol
hexanal 3-methylbutanal
2,3-pentanedione benzaldehyde
(a)
e Feed solution esss25°C, 300 Pa e===30°C, 300 Pa s==35°C, 300 Pa
1-octen-3-ol
ethyl acetat 1-penter-3-ol
hexanal 3-methylbutanal
2,%-pentanedior benzaldehyc

Figure 3.21. Effect of the feed temperature on the aroma modif the multicomponent
solution (Ci = 10 ppm) at 300 Pa. a) PERVXR060. b) POMS/PEI.
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e eed solution es==250C, 300 Pae===25°C, 900 Pa 25°C,1800Pa

1-octen-3-ol

1-penten-3-ol

hexanal 3-methylbutanal

2,3-pentanedione benzaldehyde
(a)
e Feed solution @==®250C, 300Pa @==»25°C, 900 Pa 252C, 1800 Pa
1-octen-3-ol
ethyl acetat\\ &/ 1-penten-3-ol
hexane \‘\ 3-methylbutani
2,3-pentanedione benzaldehyde

Figure 3.22 Effect of the permeate pressure on the aroma lprafi the multicomponent
solution (Ci = 10 ppm) at 300 Pa. a) PERVXR060. b) POMS/PEI.

The effect of the permeate pressure on the prasessilar for both type of membranes. As it
was concluded in section 3.3.4.1, organic compowitlislow values of Henry’s law constant
(low saturation vapour pressure and/or low actigidefficient at infinite dilution) are more
sensitive to an increase in permeate pressure alaedecrease in the driving force of the
process. Figures 3.22.a and 3.22.b compares thmagmfile for both membranes at different
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permeate pressure. Similar to the effect of tentperan the aroma profile for both polymers,
less distortion was observed in the permeate arprofle with PERVAPY 4060 when
comparing with the feed.

3.3.4.3. Unsteady state batch pervaporation of dita multicomponent solution.

The unsteady state pervaporation experiments waréd out at a feed temperature of 26°C
and a permeate pressure of 300 Pa. Aroma feed mvaten was in the range 1 — 3 ppm for
all the organic compounds and the ratio membraea fr initial feed volume was 0.23 ¢m
Figure 3.23 shows how the residue concentratiomedses as a function of time for batch
operation of dilute aqueous solution. Experimenggllts were fitted to the model proposed
by She and Hwang (5) (see section 2). These auttmmsider that recovery and loss
percentage depends on the flavor permeation ratetaxat (a) and flavor loss rate (K
According to She and Hwang (13) flavor loss ratg, & evaluated considering the difference
between ideal behavior, with no flavor loss (K 0), and experimental data. From the
difference in slopes of the straight lines (Inxidxi/s t) between ideal and experimental data,
organic compounds loss rate was determined. Peoneatte constant, a, was evaluated by
Equation 3.18 by using the permeability coefficienbtained in the previous steady state
experiments (section 3.3.4.1). In Figure 3.23 sbilids represent the results obtained with
Equation 3.17.

In xi/x; o

#1-octen-3-ol #1-penten-3-ol

3-methylbutanal benzaldehyde
#2,3-pentanedione ®hexanal

¢ethylacetate

t(h)

Figure 3.23. Evolution of feed concentration over time in {hervaporative recovery of
aroma compounds Efy= 26°C. B = 300 Pa, t = 11 h). The continuous lines reprasée
model proposed by She and Hwang (5).
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Table 3.10 reports the values of the flavor perioeatte constant, a, flavor loss rate, End
the residue (Equation 3.19), recovery (Equatior032@nd loss percentage of the aroma
compounds. All the organic compounds were recovesedcessfully. The recovery
percentage depends on flavor permeation rate amdrfloss rate (5). Aroma compounds with
high values of permeation rates (higher enrichnfantors: 1l-octen-3-ol, benzaldehyde)
present the highest recovery percentage after Bdtdh operation time. Ethyl acetate shows
high values of permeation rate constant, howeeflatvor loss rate is high which means
lower recovery than 1-octen-ol and benzaldehydeeriten-3-ol presents high recovery yield
due to its low flavor loss rate, similar to thatlebcten-3-ol and benzaldehyde.

Table 3.10. Experimental results in batch pervaporation ofstme@presentative compounds of
brown crab aroma carried out with PERVRP4060 (feed temperature 26°C, permeate
pressure 300 Pa, t = 11 h).

Compound a (rits) K. (mol/s) Recovery (%) Residue (%l)oss (%)
1-octen-3-ol 6.510°  3.8310" 86 5 9
1-penten-3-ol 4500°  1.8110° 81 13 6
3-methylbutanal 2.830°%  5.3710° 24 1 76
Benzaldehyde 1.000°  3.0210* 94 1 5
2.3-pentanedione 1.240%  2.7010° 21 8 72
Hexanal 3.76.0°  2.6410° 44 3 53
Ethyl acetate 7.190°  3.4610° 54 0 46

She and Hwang (5) reported loss percentage inahger of 4% to 54% for 2-methyl-1-
butanol and ethyl acetate respectively by batclvgmaration through a POMS-PVDD-PP
membrane after 10 h batch operation time. Theseoeitconsider that due to the volatile
nature of these organic compounds. flavor lossesvoidable. Flavor loss is mainly due to
evaporation. loss of aroma compounds through tbhewa (incomplete condensation) or loss
during sample collection (5). So. it is expectedt thavor loss is strongly dependent on the
thermodynamic properties of aroma compounds. kwhirk. the highest loss percentage was
found for aroma compounds with high values of flalmss rate. In this sense. aroma
compounds with low Henry’s constant values. 1-pes3@l. 1-octen-3-ol and benzaldehyde.
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show the lowest flavor loss rate. On the other haondpounds with high Henry’s constant
values. manifested a high flavor loss. from 466867 depending on the permeation rate. since
the higher the permeation rate. the lower the pessentage.

In order to improve the low recovery yield thattigplatile compounds present in this study.
changes in the process design must be made. Shelvaanlg (5) propose a better sealing.
condensation and collection method in pervaporapoocess to reduce the flavor loss.
Additionally. since the production capacity of paperation processes (15) depends on the
residue mass. time and membrane area. higher meenlaraa would lead to higher flavor
permeation rate. reducing the flavor loss percentag

3.3.4.4. Effect of the salt content in the feed saion.

Boiling brown crab liquid effluent contains differenonvolatile components such as salts.
e.g. sodium chloride (NaCl). The salt concentratioibrown crab liquid effluent was about

0.43 mol/kg. To study the effect of salt concemratpervaporation experiments were carried
out by varying the salt feed concentration in tiaege 0-0.85 mol/kg. at a fixed feed

temperature of 40°C and a permeate pressure d?800

There is a tradeoff in the salt feed concentrattonthe pervaporation performance. The
positive effect of the presence of salts in thelfeglution is related to the “salting out” effect.
This effect is based on the reduction of the stitybof the organic compounds in agueous
solutions. increasing the activity coefficientstbé organic compounds present in the feed
solution. The negative effects are related to timeiase in the density and viscosity of the
feed solution and the fouling effect of the saltdahk could penetrate into the structure of the
membrane (16). There are different studies in itkeature considering the effect of salts on
pervaporation performance. Most of the studies mveskea positive effect in the membrane
selectivity. However other studies reflected nongjes or even fouling of the membrane (12).

Water permeation flux remained more or less comnstatine salt concentration range studied
in this work. On the other hand. partial permeafiar of the organic compounds was found
to slightly increase as the salt concentratiohanfeed increased. Based on this result. it can
be concluded that the salting out effect could aat@ over the retarding effect on mass
transport in the salt concentration range studiethis work. Activity coefficients at infinite
dilution at different sodium chloride concentrasowere obtained in a previous work (7)
showing that activity coefficients increase with Mlaconcentration. This higher activity
coefficient can generate higher driving force anmghér permeation flux (Equation 3.14).
Based on these results. the enrichment factor @harcompounds slightly increases in the
salt concentration range considered in this worguie 3.24).
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Figure 3.24. Influence of salt concentration on the enrichméattor of the organic
compounds (feq= 1ppm. Feq= 40°C. B, = 300 Pa).

Kujawski and Krajewski (17) proposed the applidapibf the empirical Setschenov equation:

In(ﬁJ =k, [3.22]

i,0

to describe the increase of organic permeation Witk salt concentration. In Equation 3.22
y;"is the activity coefficient at infinite dilution isalty solutions.y}"”0 the activity coefficient
at infinite dilution in pure water.s¢he salt concentration and the proportionalitydack. is
the salting-out coefficient. This way the In. (dy solutiontinon-saiysoiutiop can be plotted as a
function of NaCl concentration and compared wittadz the activity coefficients obtained in
previous work (7).

Table 3.11 lists the slopes of the linear relatigmgor the relative permeation flux of organic
compounds and salt concentration together wittvéees previously reported in the study of
the activity coefficients at infinite dilution. ttan be observed that lower values of the slope
were obtained for the In;i(shiy solutionddinon-sattysolutiop than the slopes for the activity coefficients
at infinite dilution previously reported (7). Basen these results it can be concluded that
blocking effect cannot be considered negligibleéhe salt concentration range considered in
this work since the slightly increase in partialrrpeation flux is much lower than the
corresponding increase in driving force due to acrdase in the activity coefficients at
infinite dilution with salt concentration.
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Table 3.11.Salting out coefficients obtained from the curvest represent In {dary solutions
13; non-salty solutions @Nd I (Y™ / y‘i’fo) versus salt concentration in the feed solution.

Compound log (o)  log (ri"/ vio")
1-octen-3-ol 0.15 0.56
1-penten-3-ol 0.26 0.37
3-methylbutanal 0.31 0.39
Benzaldehyde 0.14 0.34
2.3-pentadione 0.40 0.43
Hexanal 0.19 0.62
Ethyl acetate 0.25 0.58

As an example Figure 3.25 represents the applitabifl the Setschenov equation for one of
the organic compounds (ethyl acetate). In this léigthe values of the activity coefficients at
infinite dilution obtained in a previous work halveen also plotted.

1,2

In (Ji,salty/‘]l,non—salt))v |n(’Yiw/'Yi,ooc)

0 0:5 Il ll,5 2
Ciaci (mol/kg)

Figure 3.25. Comparison between the effect of salt concentratio ethyl acetate partial
permeation flux€) and activity coefficients at infinite dilution().
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3.3.4.5. Multistage condensation of the aroma compods.

In section 4.1 enrichment factors were reportethénrange of 10 for 2.3-pentadione to 39 for
ethyl acetate. To improve the performance of peovaion Marin et al. (18) proposed to
modify the downstream section with a multi-stagedemsation step. In this work. some
previous pervaporation experiments have been peefbiwith a two stage condensation step
by using two condensers placed in series. This wagyartition of the permeate can lead to
higher efficiency in the recovery of volatile comypals in one of the condensers. The
components of the vapor permeate have differenti@ugation potentials. thus yielding an
additional separation factor (19). The distributimhwater and organic compound in each
condenser depends on the temperature of the énstemser. the volatility of the components.
the flow of the condensable and inert gases inpdmneate side and the stripping effect
between condensers (20. 21).

Pervaporation experiments have been carried oatfeted feed temperature of 26°C and a
fixed permeate pressure of 300 Pa. Feed concemtraths about 1 ppm for all the organic
compounds. Two different temperatures were triethénfirst condenser -4 °C and -10°C.

Table 3.12 shows the permeation flux percentadeatel in both condensers as a function of
temperature in the first condenser. As it can lieeosed. the percentage collected in the first
condenser increases as the condensation tempeiratine first condenser decreases. Due to
the efficiency in water removal in the first conden the enrichment factors of the organic
compounds collected in the second condenser impronsiderably (Table 3.13) compared to

one condenser. Additionally the concentration @fanic compound in the second condenser
increases as the temperature in the first condéms®ases due to a higher efficiency in water
removal.

Table 3.12. Percentage of permeate collected in both condsraedifferent temperatures in
the first condenser.

T in the first condenser % condenser one % condévwse
T,=-4°C 79 21
T,=-10°C 90 10

Table 3.13 reports also the separation factortivelaolatility. which would be obtained on
the basis on vapour-liquid equilibrium (VLE) at @0based on the activity coefficients at
infinite dilution reported in a previous work (70his relative volatility at infinite dilution.
a:’, .is defined as:

I,w
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iy = (isjy [3.23]
, oS

where p and p° are the saturation vapour pressure of organic comgs and water
respectively. The separation factors obtained watie condenser were lower than the
separation that would be achieved on the based bB. \However. with two stage
condensation step the new separation factors @uatare even higher than the values of the
relative volatility.

Table 3.13.Comparison of enrichment factors obtained during fifactionation experiments
in two condensers and one condensek{¥ 26°C. p = 300 Pa). Relative volatility at infinite
dilution at 40°C

T -4°C -10°C

Compound Bl BZ Bl BZ Bone condenser arw
1-octen-3-ol 16 78 20 179 36 56
1-penten--3-ol 14 79 16 149 25 22
3-methylbutanal <1 68 <1 139 18 293
benzaldehyde 18 132 17 347 51 33
2.3-pentadione <1 40 <1 54 10 147
hexanal <1 97 <1 164 23 284
ethyl acetate <1 145 <1 261 39 232

For the most volatile compounds. especially the tmasatile. the concentration in the
permeate collected in the first condenser was ddted. That indicates that most of the
permeant molecules of these organic compounds wemly collected in the second
condenser probably due to a stripping effect. Haxethe concentration of the aromatic
compounds in the second condenser is less tharttexpleased on mass global balance with
the results obtained with one condenser. Thisdastbe due to the very high loss rates found
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for these compounds in the studies performed insteady state (section 3.3.4.3). The non-
steady state experiments revealed that the comtiemirof the high volatile compounds is
largely conditioned by the time employed in eaah due to the high value of the flavor loss
rate. The time necessary in the fractionation erparts is longer than those carried out with
one total condenser. due to the fact that insefficguantities for the analysis were collected
in the second condenser. especially in the expetsnearried out with at the lowest
temperature in the first condenser.

3.3.5 Conclusions.

PERVAP" 4060 membrane has been found to be effective toveecsome key aroma
compounds found in the brown crab liquid boilindluefnt from a model dilute aqueous
solution. The effect of feed concentration. permgaessure and pervaporation temperature
on pervaporation performance has been analyzethdkease of the aroma feed concentration
increases organic permeation flux due to an ineréd@she permeation driving force. Partial
and total permeation flux increased with tempemtttowever permeation flux decreased as
permeate pressure increased.

The results obtained under steady state operatitnRERVAP™ 4060 were compared with
experiments performed in a previous work with a FSIRElI membrane. Higher total
permeation flux was obtained with the PERVAR060 membrane compared to POMS/PEI.
Membrane material seems to be a key factor in #renpate aroma profile since different
aroma profiles are obtained with both kinds of padys essayed. Based on the different effect
of temperature on pervaporation performance of Ipgles of membranes it was concluded
that sorption contribution is more important in RERP™ 4060 membrane than in
POMS/PEI membrane.

From batch pervaporation experiments it was foumat the loss of volatile compounds
increases with operation time. Loss percentage higls for volatile compounds with low
permeation rate and high flavour loss rate. Highembrane area would help to reduce the
loss percentagelhe efficiency of aroma recovery from dilute aque@olutions has been
slightly improved for the presence of NaCl. Thistfean be attributed to the salting out effect
that leads to an increase in the activity coeffitseat infinite dilution with salt concentration.
However this increase is much lower than the cpoeding salting out effect concluding that
blocking effect cannot be neglected.

Additionally. modifying the permeate circuit withtevo stage step condensation can be an
efficient way of improving the pervaporation perfance since it has been observed a
considerable increase of the enrichment factorailndd compared to one total condenser.
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However. the design must be optimized since impbrlass of some of the volatile
compounds. especially the most volatile. has bésereed.

Further studies will be carried out with the readvln crab boiling liquid effluent to study the
ability of pervaporation technique.
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NOMENCLATURE.

a = permeation rate constant- gt (Equation 3.17)

A = membrane area.m
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Ci: = total molar concentration in liquid phase. mot-(Equation 3.17)
E. = apparent activation energy of permeation. kJ*mol

H = Henry’s law constant. Pa

J = permeation flux. mol'sm?

K. = flavor loss rate. mol*s (Equation 3.17)

Ky = total permeation volume flow rate2rg' (Equation 3.18)
Qov = pressure-normalized permeation flux. midlns® P&

p = pressure. Pa

P.S.I. = pervaporation separation index

R = gas constant. kJ- riied™

T = absolute temperature. K

V = volume of feed solution.

w = mass fraction

X. ¥y = mol fraction

t=time.s

v = activity coefficient

B = enrichment factor

Subscripts

i = component

p = permeate

f = feed
Upperscripts

m = membrane
S = saturation

oo = infinite dilution
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3.4 Study of the recovery by pervaporation of
volatile compounds in brown crab boiling

effluent.

ABSTRACT.

Pervaporation has been used to obtain aroma ceatefrom brown crab boiling effluent.
The boiling effluent and the obtained permeate hsaen analyzed by Headspace Solid Phase
Dynamic Extraction Gas Chromatography/Mass Spe@tgmThe effect of feed temperature
on the pervaporation performance of the membraseébban analyzed. Enrichment factor for
some of the volatile compounds were much lower thase obtained in model aqueous dilute
solutions. Pervaporation performance can be samfly improved by modifying the
permeant circuit by means of two stage condensat&m

Keywords volatile compounds, pervaporation, brown crahuefit.

3.4.1 Introduction.

The liquid effluent of the seafood industry, proedcduring boiling process, contains
important amounts of flavour components (1). Theovery of this valuable flavour fraction
present in the seafood wastewaters would allowetluce the waste water treatment for the
industries (1) as well as to obtain a valuable pobdThe volatile components of crabs are
regarded as the most determinant components offlaeur quality. In this work, the
conversion of the brown crab effluent produced myrboiling into a valuable volatile
concentrate has been studied.

Cha et al. (2) studied the concentration of thaidigeffluent produced during snow crab
boiling by steam distillation. However, this teaié involves high energy consumption as
well as physical aroma losses. Membrane separtamiques represent a potential pathway
for the production of a natural aroma concentrat a disposable effluent (3). Pervaporation
represents an alternative to the techniques basedlistillation evaporation or partial
condensation to concentrate aroma compounds dimtiews the use of moderate operating
temperatures to minimize degradation of aroma cam@s and avoids addition of chemical
solvents. Several studies have been focused onstilmty of the aroma recovery by
pervaporation. However, the number of publicatiosieg real feeds is still limited (4-8).
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The main objective of this work is to apply the \@ggoration process to recover the valuable
volatile fraction present on an industrial browatecboiling effluent. In previous work (9, 10)
a study of pervaporation was done on a model agusolution containing seven typical
aroma compounds (1-octen-3-ol, 1-penten-3-ol, haix@&imethylbutanal, benzaldehyde, 2,3-
pentadione and ethyl acetate) found in the browb toiling effluent to choose the polymer
and to study the effect of the some operating éiauch as pressure and temperature on the
aroma profile in the permeate. Two different membrapolymers were considered
polioctimetilsiloxane (POMS) and polidimethylsilax@ (PDMS). The efficacy of this process
was evaluated in terms of total and partial perioratiux and enrichment factor of the
volatile compounds through the investigated memdgsarBoth membranes were able to
concentrate successfully the volatile compounds filee dilute agueous solutions, but PDMS
membranes presented higher separation pervapoiatex than POMS/PEI membranes. It
was observed that the effect of temperature on gpemation performance is strongly
influenced by membrane polymer being POMS/PEI mamdbrmore sensitive towards
changes in temperature.

The first step of this work was to determine théatite organic compounds present on the
industrial brown crab boiling effluent. The effaiftfeed temperature on the different aroma
profile of the permeate has been studied. Fin&lfctionation experiments have been also
performed to improve the performance of pervaponally using a two stage condensation in
the permeate side.

3.4.2 Experimental section.

3.4.2.1. Boiling effluent characterization.

Boiling brown crab effluent was provided by IDOKCE Technologies S.L. (Bizkaia, Spain).
Chemical oxygen demand (COD), total solids (TS)atie solids (VS), suspended solids
(SS), suspended volatile solids (SVS), total nigrogontent (NKT) and ammoniacal nitrogen
content (N-NH") were determined according to Standard Methodghie examination of
water and wastewater (11). The sodium ion concemtravas determined using a Perkin-
Elmer 3300 atomic absorption spectrophotometemgudiigh purity sodium chloride as
external standard. Chloride concentration was o®texd using a Hach Lange DR 2800
spectrophotometer, employing the chloride cuvetst 1-70 mg/l. The total ion concentration
(TIC) was determined using a conductivity meterdqiBa30, Crison) employing high purity
potassium chloride as external standard. pH wasuned using anicropH 2002 Crison pH
meter.Effluent was stored at -20 °C and was filterecbbEpervaporation experiments.
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3.4.2.2. Pervaporation experiments.

The pervaporation membrane used in this work wastmmercial hydrophobic membrane
PERVAP" 4060 supplied by Sulzer Chemtéctwhose active layer is based on
polydimethylsiloxane (PDMS). The pervaporation expents were performed with a plate
and frame laboratory stainless steel permeatioh(8elzer Chemtech with an effective
membrane area in contact with the feed mixture7ef dnf (12). The temperature of the feed
liquid mixture was kept constart (0.5 °C) by using a thermostat to heat the stirae#t feed
reactor. The permeate was condensed on two pagifiss cold traps cooled by liquid
nitrogen to ensure that all permeates were fulljected. In the case of fractioning in the
permeate side, two condensers were placed in seriese of the two parallel permeate
circuits. The first condenser was cooled in a gefrant bath using a Julabo FP50 cryostat. The
second condenser was cooled with liquid nitrogehaat as a total condenser.

3.4.2.3. Sample analysis

The volatile fraction of boiling brown crab effluess well as the different collected permeate
was evaluated bydead Space-Solid Phase Dynamic Extraction-Gas Citagraphy/Mass
Spectrometry (HS-SPDE-GC/MS). Qualitative analysisre carried out with an Agilent
6890N GC equipped with a 5973i MS (Agilent Teclugdks, Palo Alto, CA, USA) and a
CTC-Combi-Pal auto sampler (GTC Analytics AG, Zweng Switzerland).

The SPDE analysis uses a 2.5 ml gas tight syringk,a PDMS (10% AC) internally coated
needle. The needle was conditioned at 260°C amthdltli with Helium for 5 min. Samples
were heated at 70°C for 1 min and agitated at 500 m order to reach equilibrium
conditions. An aliquot (1ml) of the headspace waked through the needle at 40s for 50
cycles. The syringe was automatically transferoethé injection port and volatile compounds
were desorbed with 0.5 ml of Helium at {1I%s.

GC conditions were as follows: capillary column 8@0W-60W-0.25F capillary column (007-
WAX Quadrex Corporation, New Haven, USA) 60 m x218m x1.0um, port injection
temperature: 250°C, splittess mode injection, otemperature was programmed from an
initial temperature of 30°C (11 min holding), rigito 35°C at 3°C/min (5 min holding) and
rising to 240°C at 3°C/min., carrier gas was Heliith an initial flow rate of 0.8 ml/min (18
min holding), rising to 1.5 ml at 1.4 mI/nfitl3 min holding) and descending to 0.8 ml/min at
0.1 ml/mirf. MS conditions were as follows: interface tempamatat 280°C, ionization
voltage at 70 eV, mass range at 30-300 amu andrateultiplier voltage at 1835 V.
Analyses were performed three times and the vakmsted in this work are the mean values
calculated from the three chromatography deternanat 1-hexanol was used as internal
standard.
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3.4.3 Results and discussion.

3.4.3.1. Characterization of boiling brown crab efiuent.

Some physic-chemical properties of brown crab bgikffluent are presented in Table 3.14.
The flavour of most fresh shellfish has been dbsdrias sweet, distinctly plant-like, often
accompanied by metallic and very slight to pronaahfishy attributes, primarily generated
by unsaturated alcohols and aldehydes of less tarcarbon atoms, alkylpyrazines and
sulphur containing compounds (13early 100 compounds were identified in the boiling
effluent. These included mainly aldehydes, ketoakshols, esters, aromatic compounds and
sulphur and nitrogen-containing compounds. Apperdpeports the chromatographic areas
obtained for the different aroma compounds deteatethe boiling brawn crab effluent.
Alcohols, ketones and aldehydes were found to leentlajority of the family of volatile
compounds.

Table 3.14 Physicochemical properties of brown crab boilaffuent.

Parameter Value
Total ion concentration. g/L 36.9
Sodium. g/L 24.5
Chloride. g/L 23.7
pH 8.3
Total solids. g/kg 46.4
Volatile solids. g/kg 8.3
Suspended solids. g/kg 21.3
Volatile suspended solids. g/kg 2.7
Chemical oxygen demand. g/L 1.4
Total nitrogen. g/L 0.56
Ammonical nitrogen. g/L 0.06

Saturated alcohols contribute hardly to the ovenaima because of their high odor threshodls
values (14). The two alcohols choosen in previoes/gporation experiment with model
dilute aqueous solutions were found in the boileffuent. 1-octen-3-ol has been been

-102 -



Desalination (enviado)

reported to be one the volatile components widéeyriduted in fresh and saltwater fish (14)
and possess a mushroom like odor. 1l-penten-3-obbigined via-enzymatic-mediated
conversion of polyunsaturated fatty acids and doutes to a butter-like odor (14).

Ketones contribute to the sweet floral, fruity fav of many crustaceas (2). 2-alkanones,
such as 2-hexanone, 2-heptanone, 2-octanone, 2woi@and 2-undecanone have a distinct
green and fruity aroma and give a more floral radethe chain length increase. Diketones
provides a desirable balance of meaty and buttetgsn(15). Among them only 2,3-
pentadione has been identified in the boiling bravab effluent.

Aldehydes play an important role in food produc}. (Rldehydes with 6-10 carbon were
widely reported in crab, squid, prawn, crayfish @addine. In this work, 3-methylbutanal,
hexanal, heptanal, octanal and nonanal were sduligsietected. 3-methylbutanal is one of
the most abundant aldehydes in boiled and pasezlrrabmeat (16). Benzaldehyde
contributes to characteristic cooked crab flavoavitg a pleasant almond, nutty and fruity
aroma crustacean.

Three alkylpirazines were identified in the boilibgpwn crab effluent. These compounds are
important due to their low odor thresholds vallesjing a roasted, nutty, potato boiled aroma
(13).

Three organosulphur compounds have been detectadnd\ sulphur compounds dimethyl
trisulfide and dimethyl disulfide have been foundthermally processed sea foods and meat
products (13). These compounds greatly affect thexadl food aroma because of their low
threshold values and generally, they are consideneésirable, exhibiting a cooked cabbage
and spoilage odor. Thiazols have been reporte@ important in generating meaty flavors in
marine crustacean (2), 4-methylthiazole, was ifiedtiin small amounts in the bowling
brown crab effluent. Trimethylamine was also foundhe boiling effluent and it has been
reported to contribute to boiling-crab odor (14ieFsaturated hydrocarbons were detected in
the boiling brown crab effluent, but they contribwtery little to the overall flavour of foods
due to their high aroma thresholds.

3.4.3.2. Effect of the pervaporation temperature

Pervaporation experiments were carried out at tifferdnt temperatures, 25 °C and 40 °C. At
25°C total permeation flux was found to be of tame order than this obtained in a previous
study for model dilute aqueous solution. HoweveARC total permeation flux was about 85
% of the model dilute agueous solutions. Thesedcbal due to the presence of non-volatile
compounds that could affect the total permeatior &f the system. For instance in previous
work it has shown that partial permeation flux be torganic compounds was found to
increase as sodium chloride concentration in tlkd facreased (in the range 0-0.85 mol/kg).
However blocking effect could not be consideredligdge since the increase in partial
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permeation flux was lower than the correspondirmgease due to an increase in the activity
coefficient values at infinite dilution with salbiecentration (10). Figure 3.26 shows the
Arrhenius plot for the model dilute aqueous solutitn this Figure the experimental data
obtained in this work at 25°C and 40°C for the reailing crab effluent has been also
included.

0,0
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-0,6 -

In J (kg- ht-m?)
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-1,2 T T T T
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Figure 3.26. Effect of feed temperature on total permeation:fleixmodel dilute aqueous
solution. A brown crab boiling effluent.

The change in the aroma profile in the permeataiobtl at the two different temperatures
was evaluated considering the percentage of chogregthic area for each family of
compounds. Figures 3.27a and 3.27b show this paxgerfior the brown crab boiling effluent
along with permeate obtained at 25°C and 40°Chétwo temperatures studied in this work,
the permeate aroma profile is different from thatthe boiling effluent, due to different
selectivity of the membrane for the aroma compourfs it has been describe in the
literature, one of the difficult in the pervapoaati concentration is to maintain the original
flavor profile (6, 17). In both cases, boiling et and permeate, aldehydes compounds were
found to be the most abundant volatile compoundajni;m due to the presence of
benzaldehyde, acetaldehyde, hexanal and (Z,Z-2-Butgtenal). Alcohols, ketones, esters
and nitrogen compounds are also present in cordileamount in the permeate at the two
different temperatures.

Enrichment factor for all the volatile compoundsdaeen evaluated by determining the ratio
of the chromatographic areas of the volatile comploand for the internal standard in the
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permeate obtained at the different temperaturesratigt brown crab boiling liquid effluent:
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Figure 3.27. Effect of temperature on the aronmofile evaluated with the percentage
chromatographic area for the different family ohgmounds.
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Enrichment factors determined by using equatior) é24 listed in Appendix AThe highest
enrichment factor was found for the 2-ethyl-1-hetaisome ketones, such as 2-octanone,
exhibit also relative high enrichment factors. hy aase, enrichment factors were very low
when comparing these values with those obtained previous work in a model dilute
aqueous solutions formed by seven representativpaonds.

Table 3.15 reports the ratio of the enrichmentdiabbr the seven selected compounds in a
model dilute aqueous solution and in the boilirfgueht. For some of the volatile compounds,
such as ethyl acetate, 2,3-pentadione and l-octert®Fichment factors obtained in the
pervaporation of the brown crab boiling effluentasund five times lower than the one
obtained on model solution. But for other compoumsdsh as hexanal enrichment factor has
found to be up to fifteen times lower on the bgjlieffluent. Similar results have been found
in the literature in the pervaporation of aroma poonds from cauliflower blanching water
when comparing the membrane selectivity for thredus compounds on a model dilute
agueous solutions and the values obtained on t@deimdustrial effluent (5). This fact was
explained in terms of the presence of an imporaoindary layer due to the extremely low
concentration of the aroma compounds. In this cesecentration polarization may have a
large influence on the removal of organic traced #ncould be the limiting step of the
process.

Table 3.15.Ratio of the enrichment factor for some volatienpounds in a model dilute
agueous solutions and in the brown crab boilinguefit at 25°C and 40 °C.

Compound Bmodet solutioABefiiuent. 40°C Bmodet solutioABefiiuent. 25°C
1-octen-3-ol 4 6
1-penten-3-ol 13 8
3-Methylbutanal 11 4
Hexanal 13 15
Benzaldehyde 9 9
2.3-pentadione 5 3
Ethyl acetate 7 5

Regarding the effect of pervaporation temperaturéhe enrichment factors obtained at the
two studied temperatures, slightly higher valuesevabtained at 40°C than at 25°C. However
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this increase is not very marked. This result agnegh previous study on a model dilute
aqueous solution where it has shown that for PDM®&brane temperature has greater effects
on sorption than on diffusion.

In general terms, pervaporation is able to sucafgsfoncentrate the volatile fraction found
in the brown crab boiling effluent. For instancs,itthas been previously explained in section
4.1 diketones provides a desirable balance of maadlybuttery notes. Only 2,3-pentadione
was detected in the boiling effluent. However otti&etones such as 2,3-butanedione and 2,3
octanedione were successfully concentrated in ¢nmgate at 40 °C. As it has been describe
in the literature 2,3-butadione is a characterigtioduct in cooked food having a low
threshold value of 2.6 ppb in water (18).

3.4.4.3. Two step condensation of the aroma compais

In section 3.4.4.2 enrichment factors were foundbéonot very high, probably due to low
concentration of the aroma compounds in the browab cboiling effluent and the
consequently influence of the concentration poddiim. In a previous work a two stage
condensation step was proposed to improve the peraaon performance. This way, an
additional separation factor is included basedrendifferent condensation potential of the
aroma compounds (19). In that work, the enrichmfastors of the organic compounds
collected in the second condenser improved coratiecompared to one condenser and they
were found to be even higher than the values ofdlaive volatility.

In this work, pervaporation has been carried owt fixed feed temperature of 26°C and two

different temperatures were tried in the first cemskr, - 4°C and -10°C. Table 3.16 shows the
permeation flux percentage collected in both coedenas a function of temperature in the

first condenser.

Table3.16. Percentage of permeate collected in both condsregedifferent temperatures in
the first condenser.

T in the first condenser % condenser one % condénwse
T,=-4°C 83 17
T,=-10°C 89 11

As it can be observed, the percentage collectethénfirst condenser increases as the
condensation temperature in the first condenseredses. Appendix B shows the aroma
profile in the permeate expressed as the chromegbgr area of the volatile compound
divided by the area of the internal standard.
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Figure 3.28.Effect of temperature of the first condenser onnttlean value of the enrichment
factor for the different family of compounds.

From this Appendix it is clear that concentratidromgganic compounds in the first condenser

is much lower than organic concentration reachetthénsecond condenser. In general, more
than 90% of the volatile compound is recoveredhim $econd condenser, probably due to a
stripping effect. Additionally, the recovery of ama compounds in the second condenser
seems to increase as the temperature in the dinstenser decreases due to a higher efficiency
in water removal. In any case, considerable losgrofna compounds are expected based on
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the results obtained in previous work on a modeiteiaqueous solutions (10).Enrichment
factors were evaluated through Equation 3.24. phimmeter has been listed in Appendix B.
As it can be expected from the values of the chtographic areas, much bigger values of
enrichment factors are obtained than when usingcondenser.

For a better comparison enrichment factors obtaimighd one condenser and in the second
condenser at the two different temperatures studidige first condenser have been plotted in
Figure 3.28a and 3.28b. In these Figures naphtbalerivates have not been included due to
the extremely high value of enrichment factor aledi for 1,6-dimethylnaphtalene. As a
general trend, higher enrichment factors are obthin the second condenser with a decrease
of temperature in the first condenser. It seemshigher enrichment factors are obtained for
alcohols than for aldehydes and ketones. Moreoger aroma compounds have detected in
the permeated obtained with fractionation: 2,6-dihyke4-heptanol, dihydromircenol, 2,5-
dimethylbenzaldehyde, tetradecane, 2-pentanonens-beta-ionone, naphthalene, 5-
methylthiazole, benzothiazole. This also provesdffieiency of fractionation process.

3.4.1 Conclusions.

Pervaporation has been used to recover the voleitdon of the brown crab boiling effluent.
Experimental results confirm that pervaporation carccessfully concentrate the aroma
compounds from the real boiling effluent. Pervapioraexperiments were carried out at two
different temperatures. Total permeation flux iases with temperature. However for the
highest temperature studied in this work, 40°Caltpermeation flux is slightly lower than
permeation flux obtained in a model dilute aquesnlation. Enrichment factor for the aroma
compounds obtained at the two temperatures are nowedr than the one obtained on a
model solution, probably due to the boundary lagect. Modifying the permeate circuit
with a two stage step condensation seems to be ffamie® way of improving the
pervaporation performance since it has been obdemveconsiderable increase of the
enrichment factors obtained compared to one totadlenser

In any case, the suitability of pervaporation teghe to obtained aroma concentrates would
depend on the degree of concentration that it wptddide an acceptable sensory profile.
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4.1 Volatile compounds in supercritical carbon
dioxide extracts of brown crab (Cancer
Pagurus) processing by-product.

ABSTRACT.

Supercritical CQ extraction has been used to obtain aroma contesitfeom brown crab
(Cancer Pagurusprocessing by-product. The SF extracts has beelyzed by Headspace-
Solid Phase Dynamic Extraction Gas ChromatographgévBpectrometry. Volatile profile of
the brown-crab processing by products is quietediffit respect to the SF extracts one.
Extracts presents higher quantities of aldehydesngls, pyrazines, pyridines, furans and
organosulphur compounds formed during extractiartgss. Some operating parameters such
as extraction pressure (100-500 bar), extractiompézature (40-80 °C) and pressure in the
separator have been analyzed. Increasing thedéfsity (above 600 kgfna higher amount
of volatile compounds was obtained, as many velatimpounds were thermally formed in at
higher temperatures and co-extraction of fatty sitadkes place. Decompostion of fatty acids
causes the formation of hydrocarbons, which imait extracts undesirable organoleptic
characteristics. The pressure in the separatorspddso an important role in the volatile
recovery.

Keywords CO,, supercricrical extraction, brown crab, by-product

4.1.1 Introduction.

The brown crabGancer pagurusis found in the Eastern Atlantic, from the north&lorocco
extending along the Atlantic coast of Europe, ® British Isles and northern Norway and in
the north coast of the Mediterranean (Marseillepdlia Greece). Brown crabs are heavily
exploited commercially throughout their range arelavailable throughout the year. The total
catch reported for this species in 2006 was 460h6(FAOSTAT). Remaining by-product
comprises as much as 70% of total crab weight ahdaosmall amount of this by-product is
processed into value-added products.

Flavor is considered a high value product and gquodlity shellfish flavors are in high

demand, employing them in sauces, soups, instaodle®, snacks, etc. (1). Fresh shellfish
flavour has been defined as sweet, distinctly pli&at often accompanied by metallic and
very slight to pronounced fishy attributes (2). &de compounds in seafoods are formed in
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the living species, at the time of death, and durinod processing (3). The volatile
components of crabs are regarded as the most deterincompon ents of the flavour quality.

Several methods have been employed to isolateflenadur from processing by-product. such
as simultaneous distillation extraction (4-8) amdyenatic hydrolysis (9). Depending on the
extraction method used, the volatile oil compositinay change leading to deviations from
the natural odour. By using a thermal process taiobvolatiles does not actually allow to
distinguish volatiles generated as the result atdreduced mechanism.

Supercritical fluid extraction has received congidiée attention from the food industry in the
last years. Its ability to selectively extract thealytes of interest, without the presence of any
contaminating solvent or other undesirable compeuhds made SFE a useful reasearch tool
(10). Carbon disoxide is often used for SFE work ¢ln the fact that it is non-flammable,
odourless, chemically inert, easily disposed araila@ve in good purity at a relatively low
cost.

In this work, supercritical fluid extraction hasemeproposed as an alternative technique to
obtain high quality crab flavors. Extraction witlupercritical CQ has been previosusly
employed to obtain aroma extracts of different fpodducts (11-12). This technique takes
advantage of using non toxic and volatile solvemtpiding solvent contamination and
protecting volatile compounds from thermal degrastaemploying gentle conditions. The
effect of some important operating variables, sashpressure, temperature and operating
pressure in the separator has been analyzed tim dligh quality flavors.

4.1.2 Experimental section.

4.1.2.1. Materials

Brown crab processing by-product, supplied by IDCBCF Technologies S.L. (Bizkaia,
Spain), was stored at -20°C. Brown crab by-produst mostly claws, viscera and shells. The
moisture was determined by drying crab processingrbducts in an oven at 100°C until
constant weight was obtained (AOAC, 1990). A medivaiue of 41.6+ 5 has been
obtained.Carbon dioxide was 99.8% (v/v) pure, seppby Carburos Metalicos (Barcelona,
Spain).

4.1.2.1. SC-CQ extraction.

For the SC-CO2 extraction a semi-pilot plan hasnbaeed. This equipment has been
previously used to extract fat from pigskin (13dahe omega-3 rich oil contained in hake
(Merluccius capensis-Merluccius paradoxby-products (14).
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For each extraction, 600 g of brown crab procesbiyrgroduct were weighed and filled into
the 2 L extractor without any pretreatmentt. Carloboxide from the pressurized bottle
(6MPa) was compressed and recirculated with a mametypump (LEWA). Mass flow was 10
kg/h in all experiments. Extracts were collectedai®.5 L separator, cooled at - 5°C, and
stored at - 18°C.

Different SFE extraction conditions were used talgtthe influence of pressure, temperature
and pressure in the separator on composition afti®lcomponents. Extraction conditions are
shown in Table 4.1. In this Table the £@ensity and the total mass of £@sed in each
extraction have been also listed.

Table 4.1.Experimental conditions employed to obtain browabcprocessing by-product
aroma concentrates.

Run El E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13 El14

Ee:r' 180 420 180 500 180 180 420 420 100 300 300 300 3800
Toec“ 70 70 70 60 50 50 50 50 60 40 80 60 60 60
ZS;’; 48 48 42 44 48 42 42 48 44 42 42 50 44 38
W:;Z 105 86 123 86 13 129 108 9.8 175 104 10241120 126
;g;‘;;é 601 856 601 935 751 751 933 933 295 936 747 831 8831

4.1.2.3. Sample analysis.

The identification of the volatile components wasrfprmed by using a Headspace-Solid
Phase Dynamic Extraction-Gas Chromatography/Massct8pmetry (HS-SPDE-GC/MS).
Semiquantitative analysis were carried out withAgrient 6890N GC equipped with a 5973i
MS (Agilent Technologies, Palo Alto, CA, USA) andCd C-Combi-Pal auto sampler (GTC
Analytics AG, Zwingen, Switzerland).

HS-SPDE is a non-equilibrium sampling method clus¢he dynamic headspace approach
(15). Solid Phase Dynamic Extraction was employexieiad of concentration techniques, as
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atmospheric evaporation or vacuum evaporation, whas been reported as non effective
techniques because some of volatile compounds lastren the process (16).

The SPDE analysis uses a 2.5 ml gas tight syringk,a PDMS (10% AC) internally coated
needle. The needle was conditioned at 260°C amthdtli with Helium for 5 min. Samples
were heated at 70°C for 1 min and agitated at p60 An aliquot (1ml) of the headspace was
pulled through the needle at 40s for 50 cycles. The syringe was automaticalbnsferred

to the injection port and volatile compounds wessatbed with 0.5 ml of Helium at 14&'s.

GC conditions were as follows: capillary column @uex 07114D (silphenylene
polysiloxane, 60 m x 0.320 mm 1.D. xuh film thickness, Quadrex Corporation, New Haven,
USA), port injection temperature: 250°C, splitlessde injection, oven temperature was
programmed from an initial temperature of 30°C it holding), rising to 35°C at 3°C/min
(5 min holding) and rising to 240°C at 3°C/min,reargas was Helium with an initial flow
rate of 0.8 ml/min (18 min holding), rising to 1ndl at 1.4 ml/min2 (13 min holding) and
descending to 0.8 ml/min at 0.1 ml/min2. MS comdi§ were as follows: interface
temperature at 280°C, ionization voltage at 70 méss range at 30-300 amu and electron
multiplier voltage at 1835 V.

Analyses were performed three times for each extnad the values reported in this work are
the mean values calculated from the three chromapby determinations. The
reproducibility of this analysis technique has bekecked by determining the composition of
some volatile components found in the extracts s#taadard (or synthetic) aqueous solution.
The volatile components were: hexanal (11.2 ppr;texenal (9.2 ppm) and nonanal (8.6
ppm). The relative standard deviation (RSD) obtifer each compound is presented in
Table 4.2. A relative good repetibility for the SPRnalysis can be concluded taking into
account the values of the RSD, around 9 %. Singddues were obtained by Bicchi et al. (15)
in the study of this technique to analyse the vel&taction of food matrices.

Table 4.2.Relative standard deviation (RSD) for some chandstic volatile components
found in the SC extracts using the SPDE technigadyais.

Compound RSD (%)
Hexanal 6.97
E-2-hexenal 10.87
Nonanal 8.35
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Compounds identification was achieved by matchir@rtmass spectra with those in Nist08
and Wiley libraries. Additionally, linear retentiagmdices (17) were calculated using retention
data from a serie of alkane satandars (C5-C18) under the same chromatography
conditions. These indices were compared with theegof the literature and used to identify
the different volatile components.

4.1.2.4. Fatty acid composition and oil extracted.

The fatty acids profile was determined by the AOAEthod. The fatty acids methyl esters
were firstly prepared and then analyzed by gasnshtography (GC) in a Hewlett Packard
gas chromatograph (6890 N Network GC System) eqdippith an auto-sampler (7683B
series) and a flame ionization (FID) detector. $hparation was carried out with helium (1.8
mL/min) as carrier gas. A fused silica capillaryuron (OmegawaxTM-320, 30 m0.32 mm
i.d.) was used. The column temperature was progedrstarting at a constant temperature of
180 °C during 20 min, heated to 200 °C at 1 °C/imétg at 200 °C during 1 minute, heated
again to 220°C at 5 C/min and finally held at 2268€ 20 min. A split injector (50:1) at
250 °C was used. The FID was also heated at 25086t of the fatty acid methyl esters were
identified by comparison of their retention timeghathose of chromatographic standards
(Sigma Chemical Co.). Their quantification was mhageelating the peaks area to the area of
an internal standard (methyl tricosanoate) as atdat by the AOAC method (11). Calibration
curves were made for each pair internal standarirematographic standards in order to find
the corresponding response factors.

4.1.3 Results and discussion.

4.1.3.1 Qualitative analysis of brown crab processg by-products and SC-
extracts.

The flavour of most fresh shellfish has been dbsdrias sweet, distinctly plant-like, often
accompanied by metallic and very slight to pron@ahfishy attributes, primarily generated
by unsaturated alcohols and aldehydes of less t#varcarbon atoms, alkylpyrazines and
sulphur containing compounds (2). Eight-carbon tilelaalcohols and ketones have been
found to occur in most seafoods, where they caomgildistinct to these fresh plant-like,
metallic aromas, even though these compounds ohailly exhibit mushrrom and geranium
aroma qualities (3).

Previous to the SC-Gxtractions, the volatile composition of the brogvab processing by-
product was also determined by HS-SPDE. Volatilenpaosition of the sample was
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determined by following three different pre-treamse to the by-product: a) without
performing any pretreatment and grinding the samb)eby using an automatic grinder and c)
by using a manual grinder. In all cases 1.5 graintseosample was introduced in a 20 ml vial
of the HS-SPDE. The different volatile compositimund using these three methods can be
appreciated in Appendix C. Additionally the areaceatage of the different family of
compounds in brown crab by-product was shown inédt8. Although the number of total
volatile compnents found without performing anytpratment was higher than for the two
other methods, by grinding the sample a higher dhoce of volatile components was
obtained.

Table 4.3.Area percentage of the different family of computsuim brown crab by-product for
the different pretreatments.

% % % % % % % % % % %

PT ald alc ket pyr py sul est alk alke arom other

WP 109 434 168 0.6 02 00 20 112 4.2 9.2 0.7
AG 00 475 252 0.2 00 13 438 9.5 2.4 3.5 5.1
MG 10 576 181 0.3 00 00 27 119 3.3 2.8 1.9

PT = pretreatment, WP = without pretreatment, MGutomatic grinder, MG = manual
grinder, ald = aldehydes, alc = alcohols, ket -okes, py = pyrazines, py = pyridines, sulf =
organosulphur compounds, alk = alkanes, alke =nakkearom = aromatic compounds.

In Table 4.4 the area percentage of the differantilfy of compounds found in the extracts
has been listed. Despite having used differentaetibn conditions, aldehydes are the major
components in all the samples, followed by alcolemsl ketones. Among the aldehydes
components, around 50-70 % of total aldehydes eoedespond to unsaturated aldehydes.
Other important components found in the extractsewsyrazines, pyridynes, sulfures and
furans. Particularly, pyrazines and furans plagwtole in the overall aroma.

As an example of the exact extract compositionatdel compounds found in the extract six,
E6, have been presented in Appendix D, where tganmiepthic characteristics for each
compound and its corresponding threshold has bieerlisted according to its description in

the Flavor Data Base (18). Comparing Tables 4.34a#dit can be easily appreciated that the
volatile composition is quite different in the eadts than in the brown crab processing by-
product. For instance, the percentage of aldehigdédimes higher in the extracts that in the
by-product. Alcohols present in the extract weresgdifferent respect those present in the
raw material. 3-methylbutanol is the most abundaaotmpound in the raw material.

Unsaturated alcohols might have been partially iagwi to their aldehyde counterparts, which
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have been successfully identified in the extraBisenols were thermally formed during

extraction process. In addition, most of the hmtgclic compounds, such as pyrazines,
pyridines, furans, 2-acetylthiazole, were not foimdaw material. These compounds, which
contribute to the characteristic boiled aroma ef ¢hustacean, were formed during extraction
process via Maillard reactions, principally at temgiures between 50 and 60°C.

Table 4.4.Area percentage of the different family of compounds tfer different SFE
conditions

% % % % % % % % % % %
Run a3 alc ket pyr py sul fur ak alke arom other

El 68.4 4.3 5.8 0.0 02 51 15 7.2 6.1 0.8 0.7
E2 621 89 176 0.8 05 3.0 2.7 11 13 0.6 1.4
E3 84.1 2.2 2.7 0.0 01 19 0.5 5.7 1.2 0.7 0.8
E4 468 144 159 3.9 00 04 5.6 1.7 4.9 1.3 5.0
ES 452 167 134 37 01 1.0 7.5 2.2 7.3 1.4 1.6
E6 428 152 135 3.6 00 0.8 9.9 1.6 10.4 1.0 1.2
E7 378 17.7 159 3.8 03 41 5.9 1.9 111 0.5 1.0
E8 36.3 223 102 21 1.0 4.7 3.3 1.8 9.8 1.0 7.6
E9 482 243 99 3.3 0.7 20 3.5 29 2.3 0.6 2.1
E10 260 26.8 6.0 9.6 1.3 28 1.7 6.4 11.0 3.2 5.3
E11l 494 193 164 3.2 01 0.6 4.9 2.4 1.6 1.4 0.9
E12 345 231 938 4.4 01 08 207 1.7 3.5 0.8 0.4
E13 36.2 189 8.9 3.3 01 15 226 1.8 5.6 0.9 0.3

E14 531 176 134 20 03 16 3.9 1.2 5.7 0.9 0.5

ald = aldehydes. alc = alcohols. ket = ketones.=ppyrazines. py = pyridines. sulf =
organosulphur compounds. alk = alkanes. alke =nalkefur = furans. arom = aromatic
compounds.
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4.1.3.2 Family of volatile compounds

In this section a qualitative description of eaamilly of volatile compounds found in the
different extracts is presented.

Aldehydes

Forty seven aldehydes were found in brown crab gesiog by-products in the different
extracts, however only around thirty were presemhost extracts. Many of these compounds
arise through autoxidative degradation of polyunsdéd lipids at moderate temperatures (2).
Hexanal, heptanal, benzaldehyde, (E)-2-hexenal2{Edntenal, 2-methyl-3-butenal, (E,Z)-
2,6-nonadienal and (E,E)-2,4-heptadienal were thm wolatile compounds in the headspace
of the extracts. Hexanal was the most abundanhwgifie present in all extract with a medium
area percentage of 15%.

3-methylbutanal was the most abundant of its cl&dfwed by pentanal, in boiled and
pasteurized crabmeat (20). These two aldehydes $imrkar aroma characteristics and have
been reported to have green, fruity, nutty, cheesyweaty odors, depending on dilution.
However, in our extracts, only 3-methylbutanal Wi@sd in some of the extracts, but its area
percentage was much less than 1% in all cases.

Unsaturated aldehydes impart important organolemioperties to the extracts (5).
Unsaturated aldehydes represent 50-70 % of talehgtles area encountered in the extracts.
Extracts obtained at 80°C yield in the maximum nemdf aldehydic compounds. This might
be probably due to a highest level in thermal ddafian of PUFAs.

Regarding to aromatic aldehydes, phenylacetaldetamt benzaldehyde were the most
abundant compounds. Benzaldehyde was thermallyrgge and partially contributes to
characteristic cooked crab flavour. It has a plebsdmond, nutty and fruity aroma in
crustacean. In additiorf-cyclocitral, an aromatic aldehyde formed via cenoids
decomposition, was found in the aroma concentrates.

Alcohols

Thirty alcohols were found in supercritical extsadbut only half of them were found in most
extracts. Alcohols are formed by the decompositbrsecondary hydroperoxides of fatty
acids, action of lipoxygenase on fatty acids, othidadecomposition of fat or reduction
carbonyl to an alcohol.

Saturated alcohols, such as 1-hexanol, 2-ethybk&a, 1-heptanol, 3-octanol and 1-
dodecanol, contribute hardly to the overall aroraedoise of their high odor thresholds. Odor
threshold concentrations were generally higherafoohols than the aldehyde counterparts
(3). Unsaturated alcohols comprise 80-90 % of tbetml total area registered
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Unsaturated alcohols which are present in all etdrare 1-octen-3-ol and 1-penten-3-ol. 1-
octen-3-ol, and enzymatic reaction product derivenh lipids, has been reported to be one of
the volatile components widely distributed in freahd saltwater fish (3), possesses a
mushroom-like odour (2). This alcohol is one of thest abundant with a medium value of
15 % of all the alcohols area found in the extracts

1-penten-3-o0l is obtained via enzymatic-mediatedveosion of polyunsaturated fatty acids
(3) and contributes to a butter-like odor. It wasrfd in high quantities (around 30% of all the
alcohols area), however its relatively high rectignithreshold value (400 ppb) indicates that
this compound would not be a major contributorrési seafood flavors (3).

Phenols, formed via decarboxylation of phenolidoaylic acids and thermal degradation of
lignin, posses a woody, smoky and burnt aroma9q(phenolic compounds were identified in
the extracts. Quantities of phenolic compounddameand only represent 3-12 % of the total
alcohol area of the extract.

a-terpineol is a degradation product by oxidatiom daydrolysis of d-limonene. This off-
flavor is important to determine quality or effecfsstorage time and temperature in orange
juice.

Ketones

Ketones contribute to the sweet floral, fruity feof many crustaceans [19]. Ketones may be
produced by thermal oxidation/degradation of PUF&®inoacid degradation or microbial
oxidation. Twenty four ketones were identified e textracts but only 10 of them appear in
most extracts.

2-alkanones, as 2-heptanone, 6-methyl-2-heptarinenanone and 2-undecanone, have a
distinct green and fruity aroma and give a moreaflaote as the chain length increase.

The unsaturated ketones, 1l-penten-3-one, 1-octere3-(E,E)-3,5-octadien-3-one, (E)-3-
octen-2-one and 3-undecen-2-one, were presengimduantities in most of the extracts, and
are important compounds in the overall aroma ofetkteacts. Comparing to 1-penten-3-ol, 1-
penten-3-one appears also in most of the extrattsibess quantities (medium value of 10%
total ketones area). However, 1-penten-3-one hawer threshold value (1.3 ppb) compared
to the corresponding alcohol and might be expetttamntribute to seafood flavors in certain
species (3).

Diketones provides a desirable balance of meatylatigry notes. 2,3-butanedione, which
has been reported as an important contributor &b eneat [8], was not identified in our
extracts. However, 2,3-pentanedione, which impadssirable buttery and desirable aroma to
foods [2], and 2,3-octanedione has been identdsethajor compounds in most of the extracts
(32 and 11 % area of the total ketones area regikteespectively).
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2,6-bis(1,1-dimethylethyl)-2.5-cyclohexadiene-1jdr2 has been reported as a seawater
contaminant.

Pyrazines

Pyrazines are generally considered as key flavomponents in many heat processed foods,
because they contribute nutty, roasted o toastechas. Pyrazines are formed via Maillard
and pyrolysis reaction in heat processed produlces; contribute greatly to the flavour of
cooked crab (2). Formation of alkylpyrazines hasnb®und to increase when food samples
were heated at higher temperatures (3). These aomdgcare important in the overall aroma
of the extract because of their low odor thresholds

10 pyrazines were identified in the extracts. Molsthem were alkylpyrazines which have
been reported as having a roasted, nutty, potaiedaroma. 2,5-dimethylpyrazine, 3-

methyl-2-vinylpyrazine and 2-acetylpyrazine weree tinost abundant pyrazines in the
extracts. In particular 2,5-dimethylpyrazine reprgs around the 50 % of the total area of
pyrazines.

Furans

Eleven furans were identified in the extracts, hesveonly 2-n-pentylfuran and trans-2-(1-

pentenyl) furan were found in most extracts. 24tingn and 2-pentylfuran are important

contributors to the overall aroma of the extractd have been reported to contribute burnt,
sweet, bitter and cooked meat flavour to foods.(N&vertheless, 2-pentylfuran contributes
negatively to the flavour quality of the extract(122pentenyl)furan is found in oxidized fish

oil as a degradation product of fatty acids

Organosulphur compounds

Volatile sufur compounds have been traditionallgoagated with seafood spoilage, but in
some species its formation at the time of harvegparting the fact that can be also produced
by live seafoods (3). Eight organosulphur compoumdse identified, among them 2-
acetylthiazole, which has a nutty, cereal, popdike aroma, was one of the main sulphur
components of the headspace of the extracts. Ngolfiynamide was also relative abundant
and it has been identified as an off-flavor in éxéacts (plasticizer).

Among sulphur compounds dimehtyl trisulfide and elinyl disulfide have been found in
thermally processed seafoods and meat producth€@)have been reported to affect overall
food aroma because of their low threshold valuées& compounds generally are considered
undesirable, exhibiting a cooked cabbage and spoitaor. In the supercritical extracts only
dimehtyl trisulfide was found in 20% of the extiact
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Other compounds

Trimethylamine and related amines have been cledsifs other important source of volatile
seafood flavour compounds. Tri- and dimethylaminadify the flavors of staling seafoods
and it has been reported to contribute to boilirgpoodor (3). Trimethylamine was found in
the supercritical extracts, but it has been nauitketl in the total are chromatographic since its
integration with the GC was not satisfactory.

Hidrocarbons may be formed via lipid autoxidatiaogesses through alkyl radical or from
decomposition of carotenoids. Saturated hydrocarbmomtribute very little to the overall
flavour of foods due to their high aroma thresholdssaturated hydrocarbons are formed via
alcohol dehydration and their contribution to seafaroma is expected to be significant. (3).
(E,E,2)-1,3,5-octatriene and (E,Z,Z)-undecatriene majority components in most of the
extracts.. With reference to aromatic hydrocarbdn2,4-trimethylbenzene and naphthalene
are reported to contribute overall aroma in crgb (4

Limonene and camphene were found in only two etdrathe presence of these terpenes
might be due to the pollution of rivers and baysahexposed crab to untreated effluents
from wood processing resulting in terpene taint2).

4.1.3.3 Effect of extraction parameters

Different SF extractions were performed to evaluhe effect of some important operating
variables such as pressure, temperature and ogem@essure in the separator. Pressure and
temperature ranges were from 100 to 500 bar amd 4@ to 80 °C respectively. The pressure
in the separator was varied from 38 to 42 bar.dexion of volatile components depends on a
complex balance between supercritical fluid denaitg solute vapour pressure. The results
obtained are difficult to understand especially thuthe heterogeneity of the raw material.

One of the main parameters that determine the giojuli§ a compound in C@is the density
of the CQ phase. The density determines the number of tieres between molecules of the
compound and the G(phase. If sufficient interactions occur, the cdledorces between
molecules of compound can be broken and solubidizatan take place.

Figure 4.1 shows the total amount of volatile congus extracted expressed as
chromatograph area per g@ass in each extraction as a function of, @@nsity. It can be
observed that when GQ@ensity is not high enough the total amount oftitd components
extracted is the lowest for all the experimentsii@ing the experiment E11, probably due to
experimental errors such the heterogeneity ofalematerial).

From this Figure seems that an increase in soldensity leads to an increase in the total
amount of volatile components extracted. Howevemfisolvent density values high enough
(around 600kg/M), the increase in the total amount of volatile poments is not so clear.
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Moderate conditions using solvent densities aro6@@ kg-nt, seem to be sufficient for
efficient extraction of volatile components.

The CQ density is a function of both, pressure and teaipee of the fluid. The C{pressure

is probably one of the main parameters that affeet extraction process. At a given
temperature an increase in the extraction pressa@ns an increase in the C@ensity and
consequently a better solvent capacity. The tenyer&ffect in the process yield is complex
due to the combined effect of solvent density aaollits vapour pressure. A temperature
increase, although causing a decrease of thedkngity, could be responsible for an increase
in the solvating power because of the increaskearsolute vapour pressure (22).

400
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250 -
200 - ¢ o
150 - -

100 - %

50 - .

Abundance-1Bmass C® (kg)

0 200 400 600 800 1000 1200
COe density (kg-r'n3)

Figure 4.1. Total amount of volatile compounds extracted axtion of carbon dioxide
density.

Figure 4.2 shows the different effect of extracttemperature on the number of aldehydes,
alcohols and ketones extracted. From this Figurddcbe concluded that the number of
aldehydes and ketones increase with the extraddowperature, however in the case of
alcohols this effect seems to be the opposite. Bhlsaviour could be due to the fact that
normally aldehydes and ketones have higher vdlaslicompared to alcohols, since the
formation of hydrogen bonds is more difficult ircarbonyl group than in a hydroxyl group.
In Figure 4.3 the total number of volatile compaseaxtracted has been represented as a
function of CO2 density. It can be observed thatrtbmber of volatile components is more or
less independent of CO2 density. However, it mestpbinted out that the quality of the
extracts was not the same in all the experiences.
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In the literature, it can be found that in the agtion of plant volatile components high

pressure is not always recommended for complexixrdtie to the higher solubility of solutes

when the pressure is high enough (23). This wasaliserved in this study of the extraction
of volatile compounds of brown crab. At extractipressures higher than 180 bar the co-
extraction of some fatty acids was observed leatlingn organic phase in the extracts. A
further increase of the extraction pressure meatsgher amount of the organic phase
obtained in the extracts.

The fatty acids found in the organic phase cornedipy to the extract number 5 (E5) has
been listed in Table 4.5. The high content of wnsaé¢d fatty acids (70%) makes organic
phase very susceptible to lipid oxidation. Thesgy facids are the “precursors” of the type of
volatile compounds listed in Appendix E and foundhie analysis of volatile of the organic

phase. Storing organic phase at -18°C, saturatdob&grbons, (specially branched alkanes
and cyclohexane derivates), unsaturated hydrocartemd acids were formed. These
compounds contribute a rancid, fishy, metallic omothe overall aroma.

Table 4.5 Fatty acid composition of brown crab oil in E1Grext.

Fatty acid Conc. (mg/g olil)
Total 391
Saturated 117.2
Monounsaturated 161.5
Polyunsaturated 112.3
EPA+DHA 84.2

®6 16.7

®3 95.6
03/owb6 5.72
EPA/DHA 1.16

The pressure in the separator could also influgémeemount and quality of the @@xtracts.

In our study, there was a dependence of the taikdtile components recovered in the
separator on the pressure in the separator. Inré-igu4, the total amount of volatile

components expressed as chromatograph area pem@8s in each extraction has been
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plotted as a function of the pressure in the separ@xtracts E9 and E10 have been
excluded). The lower the pressure in the separtterhigher the amount of total volatile
components extracted. By decreasing the presshee,density of the CQOdecreases,
consequently its solvent power which leads to tebe¢covery.
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Figure 4.4.Total amount of volatile compounds extracted &sration of the pressure in the
separator. The line is to guide the eye.

4.1.4 Conclusions.

Supercritical fluid extraction has been succesgtithployed for the extraction of brown crab
aroma. Over 130 volatile components were identifreéédible crab processing by-product.
Extracts composition showed very large quantiti€sumsaturated aldehydes, unsaturated
alcohols, ketones, pyrazines and furans, whichigeogood organoleptic properties to the
extracts. Further research is needed to deterrhimesénsory characteristics of the volatile
compound in the extract by SFE of crab by-products.
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3. CONCLUSIONES

GENERALES






El trabajo desarrollado a lo largo de esta Tesgloba el estudio de dos procesos de
separacion enmarcados como tecnologias verdes \emues Ultimos afios han cobrado
bastante importancia sustituyendo a procesos lmdstuen la Industria Alimentaria. Los

ensayos realizados con ambos procesos, enfocddabtencion de sustancias aromatizantes
Utiles en la formulacibn de productos de alimerdtaciha conducido a las siguientes
conclusiones:

» Los subproductos de la industria del marisco, ercrato aquellos generados tras el
procesamiento de buey de m@afcer Pagurus suponen una fuente de compuestos
aromdticos importante, pudiendo ser reutilizadesaprovechados para la obtencion
de productos aromaticos de interés en la Industii@entaria.

» La heterogeneidad de las muestras, asi como lacbagentracion, la diversidad en la
naturaleza quimica y elevada volatilidad de lammonentes aromaticos presentes en
este tipo de subproductos son las principalesuttiides que deben afrontar tanto los
procesos de separacién como los procedimientoiaosl

» La temperatura en los procesos de separacion gakidnan este tipo de compuestos
es muy importante ya que afecta enormemente alitiad organoléptica del producto
final, debido a la formacion de nuevos compuestadaydegradacién de aquellos que
presentan mayor sensibilidad térmica. Por tan®plocesos que han sido empleados
capaces de combinar temperaturas moderadas dgtcapabuenos rendimientos de
proceso son definitivamente adecuados para ddsarrlals objetivos descritos
anteriormente.

» El proceso de pervaporacion se ha llevado a cabdodea exitosa para la
recuperacion de los componentes voléatiles presentes caldo de coccion de buey de
mar, habiéndose identificado mas de un centenacodgpuestos responsables del
aroma presentes en los mismos. La eleccion debgpmembrana, en concreto el tipo
de material que constituye la capa activa de lalonana, es un factor determinante a
la hora de conseguir una separacion adecuada dmhaggonentes, obteniéndose un
permeado final rico en los componentes de interde garacteristicas organolépticas
adecuadas. Este enriquecimiento puede aumentaambedin sistema de recogida de
permeado consistente en dos condensadores en derigbstante, el proceso debe
afrontar una serie de dificultades. La elevadaatiimlad que presentan estos
compuestos en medio acuoso provoca grandes pérdidasdo los tiempos de
operacion son prolongados. Por otra parte, estospwestos presentan una
concentracion extremadamente baja en el caldo d&lgpgor lo que el efecto de
polarizacién por concentracién puede ser importaatectando enormemente a la
eficiencia en la separacion.

» En los procesos de extraccion con dioxido de carlsmpercritico de los compuestos
organicos responsables del aroma de buey de mantiagel subproducto solido del
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procesado del mismo, se han encontrado grandadades de aldehidos y alcoholes
insaturados, cetonas, pirazinas y compuestos cagafrados caracteristicos del
aroma de las especies de marisco. En cuanto andscmones del proceso, la elevada
presion de vapor que presentan estos compuestes cuer la solubilidad de los
mismos sea alta cuando trabajamos con didxidotb®wra que presenta una densidad
intermedia (600 kg/A). La temperatura de extraccion es un parametermatante en

el numero de compuestos presentes en el extrawb &l empleo de presiones de
extraccion bajas (inferiores a 100 bar) evita l@xt@ccion de los acidos grasos
presentes en el buey de mar, cuya degradaciontiw@darovoca la formacién de
compuestos con caracteristicas organolépticaseatiEs.

Las perspectivas futuras se encuentran encaminadaslucionar problemas técnicos
encontrados durante la realizacién de ambos precasbcomo a la obtencién de un producto
final estable.

» Optimizar el disefio de la planta de pervaporacina minimizar. en la medida de lo
posible las pérdidas de los compuestos aromatisese producen durante el proceso
y paliar el efecto de polarizacion en la medidéodeosible.

» Sintetizar nuevos materiales para la fabricacion ntsmbranas que mejoren el
rendimiento en el proceso de pervaporacion.

» Estabilizar los permeados y extractos mediante idgsnde consistentes en la
encapsulacion de las biomoléculas de interés quwepgan su evaporacion.
oxidacion. y reaccion con otros componentes y ofezroteccion contra los efectos
perjudiciales provocados por la humedad. el pHegxfaosicion a la luz. Estas técnicas
permiten. al mismo tiempo. la liberacion controlaéaos componentes aromaticos en
una etapa determinada del procesado o la ingeftiém alimento.

» Analizar sensorialmente el producto final obtemugdiante ambos procesos.
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Appendix A. Aroma components of boiling brown crab effluent geimeate at 25°C and 40°8.obtained at 25°C and 40°C (p =
permeate, A= area of component |, &= internal standard area, nd = not detected).
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Chromatographic area AilAis Enrichment factor
Family Compound L.R.I. Effluent p, 25°C p, 40°C  Effluent p, 25°C p, 40°C B, 25°C B, 40°C
Acids
acetic acid 1463 348321 1520589 476082 1.515 8.453 3.229 5.6 2.1
octanoic acid >1800 221258 447213 642397  0.962 2.486 4.357 2.6 4.5
Alcohols
ethanol <1100 298081 1131763 2752255  1.297 6.292 18.668 4.9 14.4
(2)-2-penten-1-ol 1196 88266 150615 160786 0.384 0.837 1.091 2.2 2.8
1-penten-3-ol 1202 178409 273582 338585 0.776 1.521 2.297 2.0 3.0
3-hexanol 1224 285647 330938 857042 1.243 1.840 5.813 15 4.7
3-methylbutanol 1237 356722 1463345 983607  1.552 8.135 6.672 5.2 4.3
2-hexanol 1246 29583 126422 133459 0.129 0.703 0.905 55 7.0
1-pentanol 1262 115875 425681 257221 0.504 2.366 1.745 4.7 35
2-ethyl-1-butanol 1323 209800 342904 280010 0.913 1.906 1.899 2.1 2.1
2-heptanol 1330 74550 338644 316670 0.324 1.883 2.148 5.8 6.6
3-octanol 1400 95896 587766 523746 0.417 3.267 3.552 7.8 8.5
tetrahydrolinalool 1431 174314 290075 230022 0.758 1.613 1.560 2.1 2.1
1-octen-3-ol 1455 85386 678437 454505 0.371 3.771 3.083 10.2 8.3
1-heptanol 1460 77714 706840 566769 0.338 3.929 3.844 11.6 114
2-ethyl-1-hexanol 1492 274145 5983113 7043691 1.193 33.261 47.776 27.9 40.1
1-octanol 1558 15732 120938 115598 0.068 0.672 0.784 9.8 115
(E)-3-nonen-1-ol 1563 142234 393964 1098632 0.619 2.190 7.452 3.5 12.0
5-nonanol 1603 99415 867521 907564 0.432 4.823 6.156 11.2 14.2
3-nonanol 1617 46495 123463 148885 0.202 0.686 1.010 3.4 5.0

2-methyl-2-cyclohexen-1-ol 1642 211729 258875 5258 0.921 1.439 1.735 1.6 1.9
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Chromatographic area AilAis Enrichment factor
Family Compound L.R.I. Effluent p, 25°C p, 40°C  Effluent p, 25°C p, 40°C B, 25°C B, 40°C
Alcohols
1-nonanol 1656 46945 81192 233651  0.204 0.451 1.585 2.2 7.8
benzyl alcohol 1701 198747 1296038 1576338  0.865 7.205 10.692 8.3 12.4
1-decanol 1760 10852 53182 49276 0.047 0.296 0.334 6.3 7.1
1-undecanol >1800 15890 84665 132144  0.069 0.471 0.896 6.8 13.0
1-dodecanol >1800 11581 36534 52403  0.050 0.203 0.355 4.0 7.1
phenol >1800 114826 119441 80413 0.499 0.664 0.545 1.3 1.1
BHT >1800 505285 415910 659427 2.198 2.312 4.473 1.1 2.0
trans-geraniol >1800 423433 290095 832476  1.842 1.613 5.647 0.9 3.1
2,5-di-tert-butylphenol >1800 180032 222273 390242 0.783 1.236 2.647 1.6 3.4
Aldehydes
acetaldehyde <1100 87689 128440 81894  0.381 0.714 0.555 1.9 1.5
3-methylbutanal <1100 256572 339955 786613 1.116 1.890 5.335 1.7 4.8
hexanal <1100 6338351 8825721 7438519 27.572 49.063 50.454 1.8 1.8
heptanal 1197 145313 193297 234577  0.632 1.075 1.591 1.7 25
octanal 1292 109369 1077128 826990  0.476 5.988 5.609 12.6 11.8
E:Q;E;'s°pr°py"2'methy"2' 1357 159485 502709 800694  0.694 2.795 5.431 4.0 7.8
nonanal 1391 570411 2857624 1815634 2.481 15.886 12.315 6.4 5.0
benzaldehyde 1521 3355139  14702344210667 14.595 81.732 82.117 5.6 5.6
undecanal 1601 168954 590748 750493  0.735 3.284 5.090 45 6.9
(E)-2-dodecenal 1638 211729 397540 599495  0.921 2.210 4.066 2.4 4.4
(Z,2)-2-butyl-2-octenal 1674 1804586 7948950  7&E79 7.850 44.189 51.943 5.6 6.6
4-ethylbenzaldehyde >1800 282837 442799 1002598 1.230 2.462 6.800 2.0 55
Esters
ethyl acetate <1100 5235 24546 18564  0.023 0.136 0.126 6.0 55
ethyl caprylate 1276 3513 18527 26240 0.015 0.103 0.178 6.7 11.6




-yl -

Chromatographic area AilAis Enrichment factor

Family Compound L.R.I Effluent p, 25°C p, 40°C  Effluent p, 25°C p, 40°C B, 25°C B, 40°C
Esters

isobornyl acetate 1580 898072 1634812 6106322 3.907 9.088 41.418 2.3 10.6

diisobutyl phthalate >1800 3907218 1564786 2602070 16.996 8.699 17.649 0.5 1.0
Ethers

phenyl ether >1800 874026 1003337 1811738 3.802 5.578 12.289 15 3.2
Furans

2-butyltetrahydrofuran 1180 91891 378025.5 256143  0.400 2.101 1.737 5.3 4.3

2-(2-propenylfuran) 1685 237068 264281 486953 1.031 1.469 3.303 1.4 3.2

1-(3H)-isobenzofuranone 1718 57705 1761722 1042164 0.251 9.794 7.069 39.0 28.2

2,5-dibutylfuran >1800 52769 498060 1296561 0.230 2.769 8.794 12.1 38.3

dibenzofuran >1800 nd 153481 111550 0.853 0.757
Hydrocarbons

tridecane 1300 98222 402782  563602.5 0.427 2.239 3.823 5.2 8.9

pentadecane 1500 32184 421524 519630 0.140 2.343 3.525 16.7 25.2

hexadecane 1600 71980 590748 750493 0.313 3.284 5.090 105 16.3

heptadecane 1700 198747 1436587 1476995 0.865 7.986 10.018 9.2 11.6

octadecane 1800 104266 2284025 347569 0.454 1.270 2.357 2.8 5.2
Ketones

2,3-butanedione >1100 nd nd 56561 0.384

4-methyl-2-pentanone 1107 10623 35645 69676 0.046 0.198 0.473 4.3 10.2

2,3-pentanedione 1123 12641 19002 36005 0.055 0.106 0.244 1.9 4.4

2-hexanone 1132 105326 162171 91574 0.458 0.902 0.621 2.0 1.4

5-methyl-2-hexanone 1192 87546 130620 114766 0.381 0.726 0.778 1.9 2.0

2-heptanone 1198 146828 160215 327144 0.639 0.891 2.219 1.4 35

cyclopentanone 1205 231487 266074 483174 1.007 1.479 3.277 15 3.3

4-methyl-2-heptanone 1216 45268 192198 358967 0.197 1.068 2.435 5.4 12.4

3-octanone 1259 154564 932174 1563322 0.672 5.182 10.604 7.7 15.8




Chromatographic area AilAis Enrichment factor
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Family Compound L.R.I. Effluent p, 25°C p, 40°C  Effluent p, 25°C p, 40°C B, 25°C B, 40°C
Ketones
2-octanone 1294 54779 688656 649778 0.238 3.828 4.407 16.1 18.5
1-octen-3-one 1207 68349 860430 643208 0.297 4,783 4.363 16.1 14.7
2,3-octanedione 1331 nd 25487 39997 0.142 0.271
(2)-6-octen-2-one 1336 nd nd 45238 0.307
6-methyl-5-hepten-2-one 1343 18797 154969 211098 0.082 0.861 1.432 105 17.5
2-nonanone 1381 50460 224923 385381  0.220 1.250 2.614 5.7 11.9
camphor 1505 213448 577282 402090 0.928 3.209 2.727 3.5 2.9
3,5-octadien-2-one 1571 416189 195317 180263 1.810 1.086 1.223 0.6 0.7
2-undecanone 1597 107463 287382 453571  0.467 1.598 3.076 3.4 6.6
acetophenone 1623 127302 80174 110174 0.554 0.446 0.747 0.8 1.3
corylone 1684 826093 1690429 1576422  3.593 9.397 10.693 2.6 3.0
propiophenone 1719 325548 779408 520812 1.416 4.333 3.533 3.1 2.5
cis-geranyl acetone >1800 90765 103301 208680 0.395 0.574 1.415 15 3.6
Naphthalene derivatives
2-methylnaphthalene >1800 141829 297017 509320 0.617 1.651 3.455 2.7 5.6
2,7-dimethylnaphthalene >1800 43343 105049 372234 0.189 0.584 2.525 3.1 13.4
1,6-dimethylnaphthalene >1800 38260 72954 331406 0.166 0.406 2.248 2.4 13.5
Nytrogenated compounds
butylamine <1100 523007 705021 1488796  2.275 3.919 10.098 1.7 4.4
trimethylamine <1100 334470 365896 387965 1.455 2.034 2.631 14 1.8
pyridine 1216 192198.5 256987 421415 0.836 1.429 2.858 1.7 3.4
tributylamine 1233 nd 84433 41440 0.469 0.281
2,5-dimethylpyrazine 1333 422453 507966 588102  1.838 2.824 3.989 15 2.2
2,4,6-trimethylpyridine 1376 83134 179427 254635 0.362 0.997 1.727 2.8 4.8
2-ethyl-5-methylpyrzine 1406 149380 232534 268391  0.650 1.293 1.820 2.0 2.8

2-butyl-3-methylpyrazine 1580 826093 856673 1556 3.593 4.762 10.802 1.3 3.0




Chromatographic area AilAis Enrichment factor

Family Compound L.R.I. Effluent p, 40°C  Effluent p, 25°C p, 40°C B, 40°C
Organosulphur compounds

dimethyl disulfide 1136 543933 547550 2.366 5.545 3.714 1.6

4-methylthiazole 1278 10568 132598 0.046 0.364 0.899 19.6

dimethyl trisulfide 1382 858362 654879 3.734 6.902 4.442 1.2
Terpenes

isocineole 1186 39173 341847 0.170 3.995 2.319 13.6

d-l-limonene 1208 243432 654306 1.059 6.368 4.438 4.2

B-patchoulene 1553 144998 349287 0.631 1.431 2.369 3.8
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Appendix B. Aroma profile of permeate with fractionation at tvdifferent temperatures in the first condenser.C-48nd -10°C
(A=chromatographic area of component isA chromatographic area, of internal standard, C12 € condenserl. condenser2; nd = not
detected;L.R.I. = linear retention index)

-SbT -

T=-10°C T=-4°C
i AilA AilA AilA A/A AilA

Family Compound L.R.I. efflluelzt lClls ICZIS B, C1 B, C2 lClls lCZlS B, C1 B, C2

Acids
acetic acid 1463 1.52 0.60 14.76 0.4 9.7 8.07 74.49 5.3 49.2
octanoic acid >1800 0.96 1.95 39.05 2.0 40.6 5.01 30.00 5.2 31.2

Alcohols
ethanol <1100 1.30 2.90 1383.95 2.2 1067.3 10.48 641.47 8.1 494.7
(2)-2-penten-1-ol 1196 0.38 0.92 34.05 2.4 88.7 1.61 4.01 4.2 10.4
1-penten-3-ol 1202 0.78 2.42 100.65 3.1 129.7 2.30 21.72 3.0 28.0
3-hexanol 1224 1.24 4.43 86.14 3.6 69.3 1.91 35.72 15 28.7
3-methylbutanol 1237 1.55 4.36 519.53 2.8 334.8 0.20 8.99 0.1 5.8
2-hexanol 1246 0.13 1.85 33.13 14.4 257.4 1.18 3.25 9.2 25.3
1-pentanol 1262 0.50 0.74 8.87 1.5 17.6 1.24 2.16 2.5 4.3
2-ethyl-1-butanol 1323 0.91 3.83 83.07 4.2 91.0 5.80 20.01 6.4 21.9
2-heptanol 1330 0.32 3.61 108.17 11.1 333.6 7.77 0.0 24.0
2,6-dmethyl-4-heptanol 1350 nd nd nd 0.73 411
3-octanol 1400 0.42 0.91 417.76 2.2 1001.5 10.38 133.90 24.9 321.0
tetrahydrolinalool 1431 0.76 0.91 417.76 1.2 550.9 1.18 1.58 1.6 2.1
1-octen-3-ol 1455 0.37 0.32 37.31 0.9 100.5 2.82 40.21 7.6 108.3
1-heptanol 1460 0.34 1.19 109.88 3.5 325.0 0.86 14.02 25 41.5
dihydromircenol 1474 nd nd nd 2.52 3.63
2-ethyl-1-hexanol 1492 1.19 1.58 34.30 1.3 28.8 13.97 125.23 11.7 105.0

1-octanol 1558 0.07 2.50 194.88 36.6 28476  10.96 13.42 160. 196.2
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T=-10°C T=-4°C
; AJA AJA AJA AJA AJA

Family Compound L.R.I. efflluelzt lClls ICZIS B, C1 B, C2 lClls lCZlS B, C1 B, C2

Alcohols
(E)-3-nonen-1-ol 1563 0.62 4.46 126.48 7.2 204.4  10.09 29.75 16.3 48.1
5-nonanol 1603 0.43 0.99 24.59 2.3 56.9 2.79 1.15 6.4 2.7
(2)-2-nonen-1-ol 1614 0.20 2.93 16556 145 818.6 7.44 51.94 36.8 256.8
1-nonanol 1617 0.92 3.16 31.20 3.4 33.9 0.81 8.18 0.9 8.9
2-methyl-2-cyclohexen-1-ol 1642 0.20 0.87 11.93 43 584 0.74 6.56 3.6 32.1
benzyl alcohol 1701 0.86 1.88 27.94 2.2 32.3 11.13 37.25 12.9 43.1
1-decanol 1760 0.05 0.58 43.05 123 912.0  10.60 28.68 224. 607.5
1-undecanol >1800 0.07 1.08 1793 156 259.3 13.33 50.91 192. 736.6
1-dodecanol >1800 0.05 4.11 2.18 81.5 43.4 3.85 7.54 76.5 149.8
phenol >1800 0.50 1.75 15.87 35 31.8 1.14 4.10 2.3 8.2
BHT >1800 2.20 15.06 11652 6.8 53.0 9.63 47.06 4.4 214
trans-geraniol >1800 1.84 10.02 82.18 5.4 44.6 1.18 5.99 0.6 3.2
2,5-di-tert-butylphenol >1800 0.78 2.50 28.90 3.2 36.9 5.59 66.41 7.1 84.8

Aldehydes
acetaldehyde <1100 0.38 2.00 41.64 5.2 109.2 0.91 22.02 2.4 57.7
3-methylbutanal <1100 1.12 0.77 61.79 0.7 55.4 2.43 36.93 2.2 33.1
hexanal <1100 27.57 9.85 388.88 0.4 14.1 11.79 35.09 0.4 1.3
heptanal 1197 0.63 1.61 56.75 25 89.8 0.72 3.21 1.1 5.1
octanal 1292 0.48 1.96 19.97 41 42.0 1.87 3.19 3.9 6.7
E:Q:l'fa'l'so'or"py"Z'methy"z' 1357  0.69 1.43 1490 2.1 215 0.81 5.01 1.2 7.2
nonanal 1391 2.48 2.03 273.10 0.8 110.1 19.33 2.64 7.8 1.1
benzaldehyde 1521  14.595 1.65 3440 0.1 2357 165 1958 0.08 99.92
undecanal 1601 0.73 1.45 16.28 2.0 22.2 1.53 2.1 0.0
(E)-2-dodecenal 1638 0.92 8.43 159.74 9.1 1734  4.67 19.37 5.1 21.0
(Z,2)-2-butyl-2-octenal 1674 7.85 12.41 69.87 1.6 98 25.88 69.17 3.3 8.8
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T=-10°C

T=-4°C
; AilA Ai/A AilA Al/A Ai/A
Family Compound L.R.I. ef‘flluelit IClls ICZIS B, C1 B, C2 IClls ICZIS B, C1 B, C2
Aldehydes
4-ethylbenzaldehyde >1800 1.23 1.01 53.83 0.8 43.7 13.66 45.31 111 36.8
2,5-dimethylbenzaldehyde >1800 nd nd nd 1.74 42.98
Ethers
Phenyl ether >1800 3.80 451 586.99 1.2 154.4 2.70 100.23 0.7 26.4
Esters
ethyl acetate <1100 0.02 nd 3.99 175.3 0.20 1.71 8.7 75.1
ethyl caprylate 1276 0.02 0.13 1.33 8.6 87.2 nd 2.23 146.2
isobornyl acetate 1580 3.91 42.65 579.56 10.9 148.4 0.96 9.80 0.2 25
diisobutyl phthalate 57.9 17.00 28.83 10.64 1.7 0.6 22.89 160.61 1.3 9.4
Furans
2-butyltetrahydrofuran 1180 0.40 3.01 121.47 7.5 3.80 5.50 17.81 13.7 44.6
2-(2-propenylfuran) 1685 1.03 5.04 46.65 4.9 45.2 4.06 26.65 3.9 25.8
1-(3H)-isobenzofuranone 1718 0.25 4.70 82.81 18.7 29.%8 9.94 1.82 39.6 7.2
2,5-dibutylfuran >1800 0.23 1.73 18.67 7.5 81.3 6.87 20.41 29.9 88.9
dibenzofuran >1800 nd 6.06 195.58 1.47 8.81
Hydrocarbons
tridecane 1300 0.43 1.11 66.91 2.6 156.6 1.88 6.00 4.4 14.1
tetradecane 1400 nd nd nd 1.03 1.22
pentadecane 1500 0.14 3.74 8.77 26.7 62.7 1.75 2.17 125 155
hexadecane 1600 0.31 1.14 28.80 3.7 92.0 3.16 75.34 10.1 240.6
heptadecane 1700 0.86 1.10 16.44 1.3 19.0 5.43 10.74 6.3 124
octadecane 1800 0.45 1.82 34.68 4.0 76.5 2.37 27.79 5.2 61.3
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T=-10°C T=-4°C
; AilA Ai/A AilA Al/A Ai/A

Family Compound L.R.I. ef‘flluelzt IClls ICZIS B.C1 B, C2 IClls ICZIS B, C1 B, C2

Ketones
2,3-butanedione <1100 nd nd 27.43 2.91 11.70
2-pentanone 1102 nd nd nd 291 11.70
4-methyl-2-pentanone 1107 0.05 nd 7.79 168.6 0.41 15.63 8.8 338.3
2,3-pentanedione 1123 0.05 nd 4.32 78.5 291 11.70 52.8 212.7
2-hexanone 1132 0.46 0.21 14.60 0.5 31.9 3.53 0.0 7.7
5-mehtyl-2-hexanone 1192 0.38 0.33 100.88 0.9 264.9 3.53 0.0 9.3
2-heptanone 1198 0.64 0.34 143.15 0.5 224.1 2.26 4.34 3.5 6.8
cyclopentanone 1205 1.01 0.13 177.97 0.1 176.7 0.69 3.52 0.7 3.5
4-methyl-2-heptanone 1216 0.20 0.22 37.62 11 191.1 0.23 20.25 1.2 102.8
3-octanone 1259 0.67 0.41 11.31 0.6 16.8 0.11 12.95 0.2 19.3
2-octanone 1294 0.24 0.90 9.48 3.8 39.8 1.07 2.01 4.5 8.5
1-octen-3-one 1207 0.30 0.29 7.57 1.0 255 1.90 12.27 6.4 41.3
2,3-octanedione 1331 nd 1.22 7.36 7.42 23.21
(2)-6-octen-2-one 1336 nd 0.44 22.98 0.81 5.01
6-methyl-5-hepten-2-one 1343 0.08 0.51 8.22 6.2 .8.00 0.81 5.01 9.9 61.3
2-nonanone 1381 0.22 5.83 36.67 26.6 167.1 1.15 9.72 5.2 44.3
camphor 1505 0.93 0.00 24.04 0.0 25.9 1.01 11 0.0
3,5-octadien-2-one 1571 1.81 3.58 338.80 2.0 187.1  16.02 258.05 8.8 1425
2-undecanone 1597 0.47 3.44 27.60 7.4 59.0 0.29 1.20 0.6 2.6
acetophenone 1623 0.55 3.35 58.15 6.0 105.0 2.52 13.49 4.6 24.4
corylone 1684 3.59 7.59 139.95 2.1 38.9 0.0 0.0
propiophenone 1719 1.42 2.09 72.56 1.5 51.2 6.97 25.72 4.9 18.2
cis-geranyl acetone >1800 0.39 5.87 385.60 14.9 976.6 14.62 310.10 37.0 785.4
trans-beta-ionone >1800 nd nd nd 1.07 0.00
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T=-10°C

T=-4°C
; AilA Ai/A AilA Al/A Ai/A
Family Compound L.R.L ef‘flluelzt IClls ICZIS B.C1 B.C2 IClls ICZIS B.C1 B.C2
Naphthalene derivatives
naphthalene 1732 nd nd nd 9.25 35.79
2-methylnaphthalene >1800 0.62 0.42 10.79 0.7 175 1.89 8.22 3.1 13.3
2,7-dimethylnaphthalene >1800 0.19 1.56 86.15 8.3 457.0 2.88 11.77 15.3 62.4
1,6-dimethylnaphthalene >1800 0.17 451 586.99 27.1 3526.9 3.34 5.62 20.1 33.7
Nytrogenated compounds
butylamine <1100 2.28 3.40 308.89 15 135.8 4.94 2096.91 2.2 921.7
trimethylamine <1100 1.45 2.94 38.68 2.0 26.6 19.51 229.02 134 157.4
pyridine 1216 0.84 4.89 99.21 5.8 118.7 2.40 0.0 2.9
tributylamine 1233 126.43 11.88 12.42
2,5-dimethylpyrazine 1333 1.84 1.38 171.77 0.8 93.5 3.39 1.55 1.8 0.8
2,4,6-trimethylpyridine 1376 0.36 0.00 15.81 0.0 743 3.39 1.55 9.4 4.3
2-ethyl-5-methylpyrazine 1406 0.65 5.70 142.98 8.8 220.0 1.06 29.15 1.6 44.9
2-butyl-3-methylpyrazine 1580 3.59 3.92 107.22 1.1 298 15.92 49.07 4.4 13.7
Organosulphur compounds
dimethyl disulfide 1136 2.37 nd 549.67 232.3 1.02 4.01 0.4 1.7
5-methylthiazole 1262 nd nd nd 1.44 1.72
4-methylthiazole 1278 0.05 nd 7.99 173.8 1.50 4.40 32.7 95.7
dimethyl trisulfide 1382 3.73 nd 8.28 2.2 0.00 1.93 0.0 0.5
benzothiazole >1800 nd nd nd 1.69 19.52
Terpenes
isocineole 1186 0.17 0.56 17.77 3.3 104.3 nd 4.07 23.9
dl-limonene 1208 1.06 nd 19.90 18.8 nd 50.19 47.4
B-patchoulene 1553 0.63 2.44 103.35 3.9 163.9 4.10 262.57 416.3
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Appendix C. Compounds identified in brown crab by-product (L.R.linear retention index; A = abundance; n.d.rot detected; WP =
without pretreatment; AG = automatic grinder; MGreanual grinder).

WP AG MG
Family ~ Compound L.R. A(10% %area A(10% %area A(10% %area Organoleptic characteristics T (ppb)
Acids
nonanoic acid 1258 2.244 0.140 1.152 0.053 2.508 0.118
Alcohols
2-methyl-1-propanol, 636 16.36 1.020 44.210 2.031 31.39 1.472 Breathtaking, sweet, sweaty- 7000
chemical, whiskey like in dilution.
1-butanol 672 1.957 0.122 1.470 0.068 1.619 0.076  Breathtaking, winey, fusel oil-like. ~ 500
1-penten-3-ol 688 155.84  9.717 131.41 6.036 201.8 9.461 Pungent, grassy, alliaceous-like, 400
green vegetable, fruity taste.
3-methyl-3-buten-1-ol 734 0.461 0.029 n.d. n.d. n.d. n.d. Sweet fresh green fruity.
1-butanol, 3-methyl- 739 269.09 16.77 628.56 28.87 638.3 29.92 Breathtaking, alcoholic odor, in 250.0
dilution a winey-brandy.
1-pentanol 770 96.044  5.988 79.939 3.672 129.2 6.059 Alcoholic-breathtaking, fusel-like 4000
odor with a burning taste.
(2)-2-penten-1-ol 772 10.419  0.650 n.d. n.d. n.d. n.d. Ethereal, green, fruity odor
reminiscent of cherry upon dilution
with citrus connotation.
(2)-3-hexen-1-ol 858 3.307 0.206 3.468 0.159 5.291 0.248  Strong, fresh, green, grassy odor.  70.0
1-hexanol 870 22.156 1.381 26.148 1.201 46.03 2.158 Chemical, winey, slight fatty-fruity 2500
odor
3,5-octadien-2-ol 880 1.833 0.114 2.869 0.132 3.138 0.147
(E,E)-2,4-octadien-1-ol 882 2.710 0.169 2.262 0.104 2.923 0.137 Mild, pleasant fatty odor. Chicken
fat with a creamy waxy nuance.
(2)-4-hepten-1-ol 965 n.d. n.d. 4.170 0.192 6.069 0.285 Creamy green, fruity aroma.
1-heptanol 970 10.13 0.632 8.018 0.368 12.02 0.564 Weak, fresh, green, fatty odor, 3.0
winey, nut-like taste.
(52)-octa-1,5-dien-3-ol 975 36.91 2.301 36.83 1.692 57.35 2.689  Earthy, mushroom-like
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WP AG MG
Family ~ Compound L.R. A(10% %area A(10% %area A(10% % area Organoleptic characteristics T (Ppb)
Alcohols
1-octen-3-ol 979 25.373 1.582 37.66 1.730 4591 2.153 Strong, sweet, earthy mushroom 1.0
odor and taste.
2-ethyl-1-hexanol 1029 17.70 1.104 6.480 0.298 10.97 0.514 Sweet, oily, weak rose odor, fatty- 830
fruity musty, tea-floral taste.
(2)-5-octen-1-ol 1071 16.65 1.038 17.16 0.788 29.16 1.367 Green, melon, fruity and mushroom
odor & taste.
2,6-dimethyl-1-heptanol 1081 5.622 0.351 2.990 0.137 4.829 0.226
phenethyl alcohol 1121 7.049 0.440 3.156 0.145 2.938 0.138  Floral, rose-like odor, floral taste. 750
Aldehydes
3-methylbutanal 661 8.041 0.501 0.712 0.033 0.543 0.025 Powerful, penetrating, cheesy- 0.2-2
sweaty-fruity in dilution.
2-methylbutanal 669 2.262 0.141 n.d. n.d. n.d. n.d. Strong, breathtaking odor, cocoa- 1.0
like, weak fruity on dilution.
pentanal 698 49.79 3.105 n.d. n.d. n.d. n.d. Strong, acrid, pungent odor, 12.0
chocolate and nut-like below 10ppm.
(E)-2-pentenal 756 8.248 0.514 n.d. n.d. 9.099 0.427 Powerful, fruity, apple-like in 1500
dilution.
hexanal 799 59.79 3.728 n.d. n.d. n.d. n.d. Strong, penetrating, fatty-green, 4.5
grassy unripe fruit odor.
(E)-2-hexenal 854 2.469 0.154 n.d. n.d. n.d. n.d. Green, fruity, fresh, apple and
woody with leafy and grassy.
(2)-4-heptenal 899 5.67 0.354 n.d. n.d. 10.00 0.469  Powerful creamy, green, vegetable
odor.
heptanal 901 12.54 0.782 n.d. n.d. n.d. n.d. Fatty, in dilution sweet, fruity, nutty, 3.0
fatty-cognac like.
benzaldehyde 966 9.26 0.577 n.d. n.d. n.d. n.d. Odor of bitter almond oil, 350
characteristic sweet cherry taste.
octanal 1003 4.63 0.289 n.d. n.d. n.d. n.d. Fatty-fruity odor, sweet, citrus- 0.7
orange-fatty taste.
(E,E)-2,4-heptadienal 1012 5.207 0.325 n.d. n.d. n.d. n.d. Fatty, green, with an oily, greasy

note.




- €8T -

WP AG MG
Family ~ Compound L.R. A(10% %area A(10% %area A(10% % area Organoleptic characteristics T (Ppb)
Aldehydes
2-phenylacetaldehyde 1062 n.d. n.d. n.d. n.d. 1.495 0.070 Strong floral green odor (rose- 4.0
hyacinth), floral almond taste.
nonanal 1105 8.220 0.512 n.d. n.d. n.d. n.d. Fatty-floral-rose, waxy odor, citrus 1.0
taste in dilution.
Esters
ethyl acetate 624 0.579 0.036 59.945 2.754 23.370 1.096 Ethereal, sharp, wine-brandy like 5.0
odor.
ethyl propionate 715 3.878 0.242 21.101  0.969 6.521 0.306 Strong, ethereal, fruity, rum-like 10.0
odor and taste.
ethyl isobutyrate 763 3.528 0.220 3.115 0.143 2.006 0.094 Sweet, ethereal, fruity odor and 0.1
taste, apple note.
ethyl isobutyrate 763 3.528 0.220 3.115 0.143 2.006 0.094 Sweet, ethereal, fruity odor and 0.1
taste, apple note.
ethyl 2-methylbutyrate 852 1.151 0.072 5.727 0.263 1.204 0.056
ethyl isovalerate 855 n.d. n.d. n.d. n.d. 3.140 0.147  Strong, fruity apple odor and taste.
isoamyl acetate 878 2.618 0.163 6.589 0.303 7.738 0.363 Sweet, fruity, banana, pear odor & 2.0
taste.
2-methoxycarbonyl-2-(cis- 949 3.647 0.227 2.322 0.107 2.461 0.115
2'pentenyl)-3-
methoxycarbonylcethylcyclo
pentane
ethyl caproate 998 2.453 0.153 2.373 0.109 2.402 0.113 Strong, fruity, winey odor, apple, 1.0
banana, pineapple notes.
hexyl acetate 1011 n.d. n.d. 1.368 0.063 4.006 0.188 Sweet, fruity, pear-apple like odor.
apple like taste.
2-ethylhexyl acetate 1150 3.305 0.206 1.292 0.059 1.798 0.084  Sweet, raspberry, fresh fruity notes.
2-phenylethyl acetate 1264 10.427 0.650 0.867 0.040 3.116 0.146 Sweet, rose, fruity, honeylike odor,
floral-honey taste.
Ketones
2,3-butanedione 600 2.081 0.130 n.d. n.d. n.d. n.d. Strong, buttery odor and tasteon 2.3

dilution.
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WP AG MG
Family ~ Compound L.R. A(10% %area A(10% %area A(10% % area Organoleptic characteristics T (Ppb)
Ketones

2-butanone 607 10.30 0.642 415.2 19.07 190.5 8.934 Sweet, solvent, acetone-like ketonis0000
odor.

3-pentanone 698 111.5 6.957 36.85 1.693 48.56 2.277 Ethereal, mild acetone-like, slight
fruity cheese note.

3-hexanone 785 0.895 0.056 n.d. n.d. 2.248 0.105 Alcoholic, grape, wine-like, ethereal,
(medicinal) odor.

2-hexanone 790 n.d. n.d. n.d. n.d. 5.949 0.279 Fruity, ketonic, banana, yeasty,
cheese, dairy notes.

3-heptanone 887 1.012 0.063 0.758 0.035 0.910 0.043 Strong, fatty, green, fruity odor,
fruity taste.

2-heptanone 891 16.61 1.036 12.21 0.564 16.39 0.768 Creamy, bitter, fruity, cheeese, 140-
cinnamon odor, in dilution-blue 3000
cheese-fruity.

6-methyl-2-heptanone 956 1.912 0.119 1.264 0.058 1.818 0.085

2,5-octanedione 983 4.478 0.279 n.d. n.d. 2.530 0.119 Sweet, buttery-oily odor with
herbaceous-cheesy undertone, yet
not rancid or unpleasant on dilution.

3-octanone 987 31.92 1.990 52.58 2.415 67.32 3.156 Earthy, herbaceous-fruity, cheese 28.0
odor, earthy-cheese taste.

acetophenone 1074 1.861 0.116 2.373 0.109 1.588 0.074 Sweet, pungent, harsh, cherry-like 65
odor and taste.

2-nonanone 1092 15.40 0.961 13.82 0.635 16.9 0.793 Fruity, fatty-cheese odor, fruity 5-200
cheese taste.

3,5-octadien-2-one 1095 13.63 0.850 n.d. n.d. n.d. n.d. Woody, it provides freshness to 100-
green tea, mushroom, fatty notes. 150

2-decanone 1194 6.218 0.388 2.046 0.094 3.234 0.152 Orange-like, floral odor, enhances
0akmoss notes.

3-undecanone 1290 n.d. n.d. n.d. n.d. 2.172 0.102

2-undecanone 1295 33.33 2.078 11.05 0.508 15.59 0.731 Fatty fruity-rosy-orange-like odor,
oily-fruity, coconut.

2-dodecanone 1396 2.325 0.145 1.824 0.084 2.440 0.114  Fruity, citrus, floral odor.
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WP AG MG
Family ~ Compound L.R. A(10% %area A(10% %area A(10% % area Organoleptic characteristics T (Ppb)
Ketones
benzophenone >1600 16.80 1.048 n.d. n.d. 7.882 0.370  Rose-like, geranium-like odor.
Pyrazines
2,5-dimethylpyrazine 914 9.331 0.582 4.174 0.192 7.149 0.335 Chocolate, roasted nuts, earthy, 1700
chocolate taste.
Pyridines
pyridine 753 2.774 0.173 n.d. n.d. 0.744 0.035 Salty taste. Strong, amine-like, fishy820
burnt odor.
Other nytrogenated derivative s
indole 1307 9.076 0.566 110.32 5.068 38.72 1.815 Floral odor and taste in dilution. 140
Saturated hydrocarbons
heptane 700 3.140 0.196 89.131  4.094 120.6 5.653
octane 800 39.16 2.442 35.33 1.623 48.62 2.279  Hydrocarbon odor (gasoline-like).
nonane 900 14.80 0.923 12.979 0.596 17.12 0.803  Hydrocarbon odor (gasoline-like).
St’azn‘tdfaiggt-hylheptane, 995 4,748 0.296 n.d. n.d. n.d. n.d.
decane 1000 n.d. n.d. n.d. n.d. 14.72 0.690 Hydrocarbon odor (gasoline-like).
undecane 1100 14.91 0.930 12.88 0.592 11.37 0.533  Gassy, hydrocarbon odor.
dodecane 1200 9.839 0.613 2.954 0.136 3.362 0.158  Sweet hydrocarbon like, weak.
tridecane 1300 21.25 1.325 3.158 0.145 4.396 0.206  Hydrocarbon odor.
tetradecane 1400 9.405 0.586 4.076 0.187 4.830 0.226  Mild hydrocarbon odor.
pentadecane 1500 16.80 1.048 26.588 1.221 10.65 0.500  Mild hydrocarbon odor.
hexadecane 1600 19.97 1.245 4,732 0.217 7.870 0.369 Weak waxy hydrocabon odor.
2,6,10,14- >1600 26.42 1.647 16.472 0.757 10.72 0.503 Waxy, oily, slight fish connotation.
tetramethylpentadecane
Unsaturated hydrocarbons
2-ethyl-1-hexene 791 14.60 0.911 6.380 0.293 5.456 0.256
2-propenylcyclopentane 793 17.26 1.076 13.468 0.619 14.47 0.679
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WP AG MG
Family  Compound L.R.I A(10% %area A(10% %area A(10% % area Organoleptic characteristics T (ppb)
Unsaturated hydrocarbons
(E)-4-Octene 797 1.307 0.082 n.d. n.d. 11.54 0.541 Hydrocarbon, gassy (gasoline) notes.
(E)-2-Octene 807 7.927 0.494 5.304 0.244 6.043 0.283  Hydrocarbon, gassy (gasoline) notes.
(Z,2)-3,5-Octadiene 815 22.10 1.378 26.602 1.222 31.74 1.488
1-nonyne 835 2.141 0.133 0.551 0.025 0.772 0.036
2-methyl 1-octene 888 1.973 0.123 1.076 0.049 1.073 0.050
Aromatic hydrocarbons
p-xylene 866 4802 0299 3112 0143  3.091 0.145 Resinous-balsamic pungent gassy- 730
o-xylene 873 17.24 1.075 11.81 0.543 12.20 0.572
styrene 897 7.410 0.462 9.998 0.459 5.456 0.256
1-propylbenzene 960 2.134 0.133 0.890 0.041 0.937 0.044
1-ethyl-3-methylbenzene 968 8.715 0.543 3.919 0.180 3.208 0.150
1,2,4-trimethylbenzene, 1000 21.35 1.331 12.46 0.572 n.d. n.d.
m-diethyl benzene 1032 7.075 0.441 4.108 0.189 4.366 0.205
o-diethyl benzene 1057 3.126 0.195 1.203 0.055 0.940 0.044
1-methyl-4-propylbenzene, 1059 5.033 0.314 1.511 0.069 1.492 0.070
1-methyl-2-propylbenzene 1065 5.768 0.360 2.500 0.115 2.745 0.129
2-ethyl-1,4-dimethylbenzene 1085 9.471 0.591 4,588 0.211 5.635 0.264
1-ethyl-2,3-dimethylbenzene 1089 7.588 0.473 8.299 0.381 9.808 0.460
cis-2-methyldecalin, 1113 3.532 0.220 1.792 0.082 2.068 0.097
trans-2-methyldecalin 1128 5.333 0.333 1.485 0.068 1.537 0.072
1-methyl-3,5-diethylbenzene 1132 3.647 0.227 1.543 0.071 1.652 0.077
(1-isopropenyll)benzene 1154 3.499 0.218 0.857 0.039 n.d.
2-ethenyl-1,4- 1166 8.083 0.504 1.876 0.086 1.922 0.090
dimethylbenzene
Tetralin 1180 7.539 0.470 1.429 0.066 1.168 0.055
1,5-dimethyl-decalin 1184 5.344 0.333 0.940 0.043 0.844 0.040
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WP AG MG

Family  Compound L.R.I A(10% %area A(10% %area A(10% % area Organoleptic characteristics T (ppb)
Aromatic hydrocarbons
naphthalene 1204 6.583 0.410 1.376 0.063 1.115 0.052 Characteristic dry tarry hydrocarbon
odor, musty taste.
2-methyl-tetralin 1235 1.044 0.065 n.d. n.d. n.d. n.d.
1-methylnaphthalene 1338 1.650 0.103 n.d. n.d. n.d. n.d. Green, musty taste, earthy, phenolic.
2,6-dimethylnaphthalene 1432 1.641 0.102 n.d. n.d. n.d. n.d.
Organosulphur compounds
dimethyl disulfide 748 n.d. n.d. 28.436 1.306 n.d. n.d. Strong onion, cabbage-like odor.
Terpenes
a-pinene 942 3.249 0.203 2.313 0.106 2.429 0.114 Resinous, pine odor, turpentine taste.6.0
A3-carene 1019 2.386 0.149 0.875 0.040 0.866 0.041  Fresh, harsh, terpentine notes.
dl-limonene 1037 1.653 0.103 n.d. n.d. 1.075 0.050
Total area 1603 2177 2133
Number of compounds 103 81 91
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Appendix D. Volatile compounds detected in the extract obtaiwigd supercritical carbon dioxide (Pext = 180 bdext = 50°C, Psep =

42 bar), L.R.I. = linear retention index; T = odtwreshold; A = abundance (chromatographic area),
Family Compound L.R.L A. (16 Area (%) Organoleptic characteristics T (ppb)
Alcohols
1-penten-3-ol 700 134.375 4.387  Pungent, gradigceous-like, green vegetable, fruity taste. 400
3-methyl-1-butanol 754 4.059 0.133  Breathtakirgplaolic odor, in dilution a winey-brandy. 250
2-methyl-1-butanol 758 0.846 0.028
1-cyclopenten-3-ol 772 3.190 0.104
1-hexanol 885 7.274 0.238  Chemical, winey, slfgtty-fruity odor. 2500
3,5-octadien-2-ol 892 4.073 0.133  Mild, pleasattlyfodor, Chicken fat with a creamy waxy nuance.
(E,E)-2,4-octadien-1-ol 895 9.510 0.311
5-methyl- 5-Hexen-2-ol 899 21.702 0.709
6-methyl-2-heptanol 980 4231 0.138
p-methylanisole 982 1.255 0.041
(52)-octa-1,5-dien-3-ol 993 143.713 4.692  Earthyshroom-like.
1-octen-3-ol 996 77.415 2.528  Very strong, sweatthy mushroom odor and taste. 1
3-octanol 1012 3.537 0.115  Herbaceous, oily-nuttyshroom odor.
2-ethyl-1-hexanol 1044 15.896 0.519  Sweet, oilgakvrose odor, fatty-fruity musty, tea-floral taste 830
benzyl alcohol 1076 6.457 0.211  Faint, sweetfyfraioma, sweet taste. 10000
benzyl alcohol 1076 6.457 0.211  Faint, sweetfyfraioma, sweet taste. 10000
2,6-dimethyl-1-heptanol 1109 5.922 0.193
4-ethylphenol 1219 6.013 0.196
a-terpineol 1235 3.212 0.105  Sweet, floral (lildohe odor, very sweet taste in dilution. 330-350
2-ethyl-4,5-dimethylphenol 1271 1.027 0.034
(2)-4-decen-1-ol 1280 2.820 0.092
4-ethylbenzenemethanol 1329 16.846 0.550
2,5-diisopropylphenol 1336 6.541 0.214
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Family Compound L.R.L A. (16 Area (%) Organoleptic characteristics T (ppb)
Alcohols
2,6-diisopropylphenol 1370 4.090 0.134
BHT 1475 2.326 0.076
1-dodecanol 1493 11.987 0.391  Oily-fatty, sliglatxyw odor, fatty waxy taste.
Aldehydes
3-methylbutanal 681 1.073 0.035  Powerful, penietyatheesy-sweaty-fruity in dilution. 0.2-2
(E)-2-butenal 683 1.076 0.035  Sharp, warm, spdiyro
2-methyl-2-butenal 767 5.803 0.189  Green, herhagdeuity-green-nutty character in dilution.
(E)-2-pentenal 782 111.646 3.645  Powerful, frugiyple-like in dilution. 1500
3-methyl-2-butenal 814 40.831 1.333  Spicy, cinnanfiauiity, nutty odor with cheese undertone.
hexanal 821 266.333 8.696  Strong, penetratinty-fmeen, grassy unripe fruit odor. 45
2-methyl-2-pentenal 853 13.983 0.457  Pungentyflwibor, sharp sweet, fruity, jammy brown taste.
(E)-2-hexenal 880 103.924 3.393  Green, fruityshreapple and woody with leafy and grassy.
heptanal 925 54.901 1.793  Fatty, in dilution swiatity, nutty, fatty-cognac like. 3
(E)-2-heptenal 986 25.672 0.838 Intense greerets\iresh fruity apple skin nuances at 4 ppm. 13
benzaldehyde 1008 44.289 1.446  Odor of bitter atirml, characteristic sweet cherry taste. 350
octanal 1026 13.572 0.443  Fatty-fruity odor, sweigtus-orange-fatty taste. 0.7
(E,E)-2,4-heptadienal 1047 222.953 7.280  Fatgegrwith an oily, greasy note.
(E)-2-octenal 1087 106.271 3.470  Peculiar fattgeg-grassy-leafy odor, fatty-green taste. 3
2-phenylacetaldehyde 1092 68.836 2.248  Stronglfgmeen odor (rose-hyacinth), floral almond taste. 4
4-hydroxybenzaldehyde 1095 8.120 0.265  Weak pienaody, hay, bitter almond notes.
2-propyl-(E)-2-hexenal 1105 7.542 0.246
nonanal 1128 66.888 2.184 Fatty-floral-rose, waagr, citrus taste in dilution. 1
(E,E)-2,4-octadienal 1148 7.481 0.244  Strong fattyr, green fruity, melon, citrus, fatty and tallo 1
(E,Z)-2,6-nonadienal 1185 45.454 1.484  Odor likeuwrnber, green melon or violet leaf in dilution. 0D.
(E)-2-nonenal 1189 14.452 0.472  Strong, fattysoodor, in dilution, waxy-cucumber-melon. 0.08
4-ethylbenzaldehyde 1195 6.373 0.208  Bitter-almaherry-like.
2-phenylpropenal 1208 6.013 0.196
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Family Compound L.R.L A. (16 Area (%) Organoleptic characteristics T (ppb)
Aldehydes
2,6-dimethylbenzaldehyde 1213 4.140 0.135
decanal 1230 8.576 0.280  Strong, penetrating,tswenge peel odor, citrus taste. 0.1-2
(E,E)-2,4-nonadienal 1254 1.974 0.064  Strong fafte odor and taste, chicken fat on dilution. 9.0
B-cyclocitral 1264 1.802 0.059  Sweet, mild greemsgy floral hay-like odor. 5
(E)-2-decenal 1292 35.647 1.164  Waxy, fatty, gartbriander, mushroom, green, pork fat. 0.4
(2-methyl-cyclohex-2-enylidene)- 1318 19.076 0.623
acetaldehyde
2-phenyl-2-butenal 1322 1.734 0.057  Phenylacehgidie-like, floral, honey cocoa notes.
undecanal 1332 6.279 0.205  Sweet, fatty, waxyaRoitrus odor, fatty citrus taste. 5
(E,E)-2,4-decadienal 1358 7.022 0.229  Strongp dateflavor, fatty-citrus notes. 0.07
a-methylcinnamaldehyde 1384 5.937 0.194  Sweet, aromaspicy odor and taste.
(E)-2-undecenal 1393 25.038 0.818  Fresh, sweetscitrange-lemon peel odor in dilution.
dodecanal 1433 3.948 0.129 Sweet, waxy-fatty-gitrerbaceous odor, in dilution violet. 2
Esters
2-methoxycarbonyl-2-(cis- 933 12.227 0.399
2'pentenyl)-3-
methoxycarbonylcethylcyclopenta
ne
methyl caprate 1338 2.604 0.085  Fatty, oily, frwiiney-cognac.
methyl laurate 1538 27.626 0.902  Waxy, creamy fatste.
ethyl phthalate 1639 5.147 0.168
methyl myristate 1736 10.240 0.334  Weak, fattyr@ag oily-orris odor, weak fatty-waxy taste.
Ketones
1-penten-3-one 706 48.593 1.587  Strong, penegratimgent (alliaceous-like) odor. 1
2,3-pentanedione 721 40.466 1.321  Oily-buttenyy fador, butter, cream, milk taste.
2,3-hexanedione 806 5.643 0.184  Strong, creamgetshuttery odor & butter-cheese taste.
2-heptanone 909 5.989 0.196  Creamy, hitter. Fraitgeese, cinnamon odor, in dilution-blue ~ 140-3000
cheese-fruity.
1-octen-3-one 999 27.038 0.883 Powerful, harshaliremushroom like odor. 0.005
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Family Compound L.R.I. A. (18 Area (%) Organoleptic characteristics T (ppb)
Ketones
3,5-octadien-2-one 1099 81.465 2.660  Woody, it e freshness to green tea, mushroom and fatty oddl00-150
2,5-octanedione 1003 54.884 1.792  Sweet, buttdyyedior with herbaceous-cheesy undertone, yet not
rancid or unpleasant on dilution.
(E)-3-octen-2-one, 1031 98.568 3.218  Earthy-musmdruity, blueberry note.
2-nonanone 1111 8.589 0.280  Fruity, fatty-cheelss,druity cheese taste. 5-200
p-isopropenylacetophenone 1360 7.573 0.247  Heodbacevoody, orris odor, spicy-fruity taste.
3-Undecen-2-one 1367 14.006 0.457
2,6-bis(1,1-dimethylethyl)-2,5- 1498 16.858 0.550
cyclohexadiene-1,4-dione
Pyrazines
methylpyrazine 856 2.222 0.073  Green, nutty, cppusty, potato, fishy-ammoniacal notes. 60
2,5-dimethylpyrazine 945 45.889 1.498 Chocolatasted nuts, earthy, chocolate taste. 1700
2,3,5-trimethylpyrazine 1032 14.820 0.484  Nutigkdd potato, roasted peanut, cocoa, burnt notes. 0 40
2-ethyl-5-methylpyrazine 1036 5.708 0.186  Coffearh Nutty, roasted, somewhat "grassy". 100
3-Methyl-2-vinylpyrazine 1054 10.589 0.346
3-ethyl-2,5-dimethylpyrazine 1103 10.350 0.338  @nchocolate, nutty (burnt almond) notes.
2,3,5,6-tetramethylpyrazine 1113 5.922 0.193  Waaky, musty, chocolate odor, chocolate taste. 0100
2-acetyl-3-methylpyrazine 1117 16.456 0.537  Nutpcorn, cereal, roasted grain, cocoa, coffedlfishe 20
nuances.
2,3,5-trimethyl-6-ethylpyrazine 1181 1.234 0.040
Pyridines
pyridine 780 1.099 0.036  Salty taste. Strong, antike, fishy, burnt odor. 820
ethyl 3-pyridincarboxylate ester 963 0.906 0.030 weé&t, herbaceous tobacco-like odor.
Other nytrogenated derivatives
indole 1361 18.979 0.620  Floral odor and tastilirtion.
3,3-dimethyl-1-indanone 1454 2.787 0.092
Furans
2-ethylfuran 710 75.267 2.458  Strong, sweet-edigbeirnt brown musty odor. 8000
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Family Compound L.R.L A. (16 Area (%) Organoleptic characteristics T (ppb)
Furans
2-(2-propenylfuran 874 4,963 0.162
2-n-pentylfuran 1005 37.311 1.218  Ethereal rurassgy, earthy, beany with vegetable and fruity notes 600
trans-2-(1-pentenyl)furan 1017 104.273 3.405
2-(1-cyclopentenyl)furan 1155 6.268 0.205
Saturated hydrocarbons
dodecane 1200 3.533 0.115 Sweet hydrocarbonviidak.
7-methyl-bicyclo[2,2,1]heptane 1279 3.059 0.100
tridecane 1300 0.617 0.020  Hydrocarbon odor.
tetradecane 1400 11.660 0.381 Mild hydrocarbonm.odo
hexadecane 1600 6.138 0.200  Weak waxy hydrocatbon o
2,6,10,14-tetramethylpentadecane 1694 17.785 0.58%axy, oily, slight fish connotation.
heptadecane 1700 5.452 0.178  Weak waxy hydrocation
Unsaturated hydrocarbons
1,3,5-cycloheptatriene 784 35.645 1.164
1,3-octadiene 834 0.708 0.023
cyclooctene 837 0.286 0.009
(E,E,2)-1,3,5-octatriene 893 4,916 0.161
(Z,2,2)-1,3,5-octatriene 895 2.387 0.078
3,3-dimethyl-6- 978 0.706 0.023
methylenecyclohexene
(E,Z,2)-1,3,5-undecatriene 1091 68.836 2.248
4-methyl-1-(1- 1285 14.038 0.458
methylethenyl)cyclohexene
1-pentadecene 1493 14.137 0.462
1-hexadecene 1595 4.543 0.148
3',5'-diphenylcyclohexa-2,5-dienes 1709 0.697 0.023
Aromatic hydrocarbons
p-xylene 891 0.651 0.021  Characteristic resinalsamic pungent gassy-plastic odor. 730
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Family Compound L.R.L A. (16 Area (%) Organoleptic characteristics T (ppb)
Aromatic hydrocarbons
o-xylene 917 1.918 0.063
styrene 920 1.395 0.046
1,2,4-trimethylbenzene 1020 3.761 0.123
1-methyl-3-isopropylbenzene 1080 2.779 0.091
2-ethyl-1,3-dimethylbenzene 1158 2.157 0.070
m-diisopropylbenzene 1168 1.927 0.063
p-diisopropylbenzene 1174 1.839 0.060
1-isopropenyl-2-isopropylbenzene 1241 1.985 0.065
naphthalene 1249 2.525 0.082  Characteristic dry kyydrocarbon odor, musty taste.
1-isopropenyl-4-isopropylbenzene 1275 0.519 0.017
1,3-diisopropenylbenzene 1306 5.213 0.170
1,4-diisopropenylbenzene 1347 2.223 0.073
1,2-diisopropenylbenzene 1410 6.072 0.198
2-butenylbenzene 1525 3.609 0.118
1,1'-propylidenebisbenzene 1618 3.342 0.109
Organosulphur compounds
2-acetylthiazole 1065 12.665 0.414  Nutty, cerecker, popcorn, grill hazelnut, bread, toastedale
notes.
Terpenes
d-limonene 1050 59.497 1.943
Total area 3044

Total number of compounds 132







Appendix E. Volatile compounds in brown crab oil stored at @8uring two months.
L.R.I= linear retention index; A = abundance.

Family Compound LRI A (19  Area (%)
Acids
2-methylpropanoic acid 764 0.334 0.005
3-methylbutanoic acid 849 82.892 1.326
2-methylbutanoic acid 857 52.368 0.838
hexanoic acid 980 34.415 0.551
Alcohols
3-methyl-1-butanol 753 4.680 0.075
benzyl alcohol 1079 8.016 0.128
BHT 1532 2.297 0.037
Aldehydes
pentanal 722 49.801 0.797
hexanal 823 88.791 1.420
heptanal 925 100.197 1.603
benzaldehyde 1008 48.713 0.779
octanal 1026 89.256 1.428
(E,E)-2,4-heptadienal 1047 78.617 1.258
(E)-2-octenal, 1087 83.396 1.334
benzeneacetaldehyde 1091 73.350 1.173
4-hydroxybenzaldehyde 1094 24.767 0.396
nonanal 1128 84.119 1.346
(E,E)-2,4-octadienal 1148 13.292 0.213
(E,Z)-2,6-nonadienal 1185 55.044 0.881
(2)-2-nonenal 1189 24.862 0.398
2,6-dimethylbenzaldehyde 1213 5.048 0.081
decanal 1230 14.439 0.231
(E,E)-2,4-nonadienal 1255 2.065 0.033
2-isopropylbenzaldehyde 1259 2.324 0.037
(E,E)-2,4-decadienal, 1358 7.166 0.115
undecanal 1434 5.234 0.084
Ketones
1-penten-3-one 708 23.019 0.368
(E)-3-octen-2-one 1029 75.180 1.203
2-nonanone 1111 29.007 0.464
actophenone 1113 14.014 0.224
2-undecanone 1313 5.372 0.086
3-undecen-2-one 1367 14.857 0.238
4,4a,5,6,7,8-2(3H)-naphthalenone 1371 6.278 0.100
B-ionone 1513 2.310 0.037
1,1'-(1,4-phenylene)bis-ethanone 1525 4.094 0.065
Furans
2-ethylfuran 713 36.733 0.588
2-(2-propenyl)furan 875 6.365 0.102
2-pentylfuran 1005 32.720 0.523
trans-2-(2-pentenyl)furan 1017 116.288 1.860
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Family Compound LRI A (19  Area (%)

Nytrogenated derivatives

3,6-Dimethyl-1-indanone 1416 11.085 0.177
2-methylindole 1459 2.008 0.032
2,4-dimethylquimoline 1516 7.724 0.124
3-ethenylcyclopentanecarboxamide 1727 21.138 0.338
Saturated hydrocarbons
2-methylpentane 576 25.791 0.413
3-methylpentane 588 41.084 0.657
methylcyclopentane 636 30.923 0.495
isooctane 689 149.089 2.385
heptane 700 93.770 1.500
4-methyloctane 864 7.156 0.114
2,3-dimethylheptane 870 1.278 0.020
3-methyloctane 872 12.108 0.194
1,2,4-trimethylcyclohexane 895 16.553 0.265
nonane 900 191.354 3.061
cis-1-ethyl-4-methylcyclohexane 905 25.370 0.406
2,4,6-trimethylheptane, 914 13.676 0.219
3,5-dimethyloctane 920 18.060 0.289
2,7-dimethyloctane 929 12.611 0.202
3,6-dimethyloctane 934 74.858 1.198
3-ethyl-2-methylheptane 940 90.887 1.454
propylcyclohexane 946 62.540 1.001
4-ethyloctane 954 27.774 0.444
5-methylnonane 959 38.217 0.611
4-methylnonane 961 102.134 1.634
2-methylnonane 966 100.234 1.604
3-ethyloctane 968 21.775 0.348
3-methylnonane 972 127.571 2.041
1-ethyl-2,3-dimethylcyclohexane 989 12.878 0.206
1,2,4,5-tetramethylcyclohexane 978 40.010 0.640
1-methyl-3-isopropylcyclohexane 987 59.070 0.945
1-methyl-4-propylcyclohexane 996 61.927 0.991
decane 1000 755.301 12.083
1-methyl-2-propylcyclohexane 1012 38.573 0.617
4-ethylnonane 1020 138.378 2.214
1,2-dibutylcyclopropane 1037 13.706 0.219
2-ethyl-1,3-dimethylcyclohexane 1041 14.084 0.225
isobutylcyclohexane 1044 45.315 0.725
5-methyldecane 1055 58.255 0.932
4-methyldecane 1059 35.951 0.575
2-methyldecane 1064 67.638 1.082
3-methyldecane 1071 52.731 0.844
undecane 1100 175.674 2.810
2-methylundecane 1164 8.617 0.138
3-methylundecane 1168 12.502 0.200
3,8-dimethyldecane 1171 6.585 0.105
dodecane 1200 30.664 0.491
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Family Compound LRI A (1  Area (%)
Saturated hydrocarbons
cyclododecane 1257 2.860 0.046
tridecane 1300 12.391 0.198
Decane, 3-cyclohexyl- 1311 1.790 0.029
tetradecane 1400 17.549 0.281
1-pentyl-2-propylcyclopentane 1465 1.158 0.019
pentadecane 1500 30.854 0.494
hexadecane 1600 7.086 0.113
2,6,10,14-tetramethylpentadecane 1696 6.416 0.103
heptadecane 1700 3.691 0.059
Unsaturated hydrocarbons
1,3-octadiene 836 7.040 0.113
1-hexene 885 1.300 0.021
1-dodecene 1195 88.396 1.414
(2)-2-dodecene 1218 3.951 0.063
(2)-6-tridecene 1288 5.465 0.087
(E)-7-tetradecene 1354 0.924 0.015
(E)-2-tetradecene 1396 59.332 0.949
1-hexadecene 1597 18.959 0.303
Aromatic hydrocarbons
styrene 883 35.626 0.570
p-xylene 891 137.935 2.207
o-xylene 917 22.794 0.365
1-ethyl-4-methylbenzene 985 17.907 0.286
1-ethyl-2-methylbenzene 989 6.819 0.109
1-ethyl-3,5-dimethylbenzene 1080 17.314 0.277
1-ethyl-2,4-dimethylbenzene 1105 30.021 0.480
1-ethyl-2,3-dimethylbenzene 1112 13.658 0.219
1-methyl-2-(2-propenyl)benzene 1121 8.624 0.138
1-methyl-3-(1-isopropyl )benzene 1135 9.253 0.148
1,2,3,4-tetramethylbenzene 1151 15.591 0.249
1-isopropenyl-3-isopropylbenzene 1241 6.229 0.100
naphthalene 1249 8.438 0.135
1-isopropenyl-2-isopropylbenzene 1275 1.263 0.020
1,3-diisopropenylbenzene 1306 10.057 0.161
1,4-diisopropenylbenzene 1347 3.833 0.061
trimethyl(1-methylethyl)benzene 1360 9.742 0.156
Organosulphur compounds
2-propylthiophene 923 83.610 1.338
Terpenes
dl-Limonene 1050 150.925 2.414
Esters
methyl laurate 1539 3.437 0.055
diethyl phthalate 1640 4.478 0.072
Total number of compounds 124
Total volatile area 5268
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