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préface

Depuis plusieurs années maintenant la filière de l’éco-extraction se structure et se développe pour 
permettre à l’ensemble des industries agroalimentaire, cosmétique et phytopharmaceutique de valoriser 
des extraits naturels plus performants et plus respectueux de l’environnement.

En France, cette démarche a pris corps dès 2009 autour de France Eco-Extraction, une association 
regroupant les pôles de compétitivité Parfums, arômes, senteurs, saveurs (PASS), Terralia, Trimatec, 
l’Université d’Avignon et des Pays de Vaucluse, l’Université Européenne des Senteurs et des Saveurs 
(UESS), l’Institut Fluides Supercritiques (IFS) et FranceAgriMer.  

Le développement de l’éco-système faisant partie intégrante des axes stratégiques de France Eco-
Extraction et les relations de travail étant fortes avec les acteurs de la région italienne du Piémont 
(Université des études de Turin, Tecnogranda), c’est tout naturellement que l’UESS a répondu en 
novembre 2010 à l’appel à projets de coopération européenne Alcotra en présentant l’initiative eco-
extraction transfrontalière.

Il s’agissait dans le cadre de ce projet  d’identifier les acteurs de la filière éco-extraction (entreprises et 
laboratoires de recherche), de réaliser une cartographie des acteurs, de poursuivre les recherches sur les éco-
procédés et de diffuser le plus largement possible des informations tangibles au tissu productif franco-italien.

Ce livret présente les publications scientifiques qui ont été produites dans le cadre du projet Eco-
Extraction Transfrontalière en vue de leur capitalisation et diffusion. Il représente le fruit de 26 mois de 
travail, d’échanges et de rencontres qui ont permis à près de 500 acteurs économiques et du monde de 
la recherche de se retrouver autour de la compétitivité industrielle et du développement durable.

Nous tenons à remercier chaleureusement l’ensemble de nos partenaires, membres du projet Eco-
Extraction Transfrontalière pour leur engagement à nos côtés ainsi que nos partenaires financiers : 
l’Union européenne (FEDER), l’Etat italien, l’ADEME, la Région Provence-Alpes-Côte d’Azur et la Région 
Piémont.

Olivier BAGARRI, 
Directeur de l’Université Européenne des Senteurs & des Saveurs 

Olivier THEVENARD, 
Président de France Eco-Extraction

Da numerosi anni ormai la filiera dell’eco-estrazione si struttura e sviluppa per permettere all’insieme 
delle industrie agroalimentari, cosmetiche e farmaceutiche di valorizzare gli estratti naturali aventi 
elevate prestazioni e grande rispetto per l’ambiente. 

In Francia, questo progetto ha preso forma nel 2009 con la France Eco-Extraction, una associazione che 
raggruppa i poli di competitività Profumi, aromi, odori, sapori (PASS), Terralia, Trimatec, l’Università di 
Avignone e dei Paesi della Vaucluse, l’Università Europea degli Odori e dei Sapori  (UESS), l’Istituto 
Fluidi Supercritici (IFS) e FranceAgriMer.  

Poiché lo sviluppo dell’ecosistema era parte integrante degli assi strategici di France Eco-Extraction 
e i rapporti di lavoro con gli attori della regione italiana del Piemonte  erano forti (Università degli 
Studi di Torino, Tecnogranda), l’UESS, nel novembre 2010,  ha naturalmente risposto  all’appello ai 
progetti di cooperazione europea Alcotra, presentando l’iniziativa eco-extraction transfrontalière/
eco estrazione transfrontaliera.

Nell’ambito di questo progetto, si trattava di identificare gli attori della filiera ecoestrazione (aziende 
e laboratori di ricerca), realizzare una cartografia degli attori, condurre ricerche sugli ecoprocessi e 
diffondere informazioni tangibili al tessuto produttivo franco-italiano su ampio raggio.

Questo opuscolo presenta le pubblicazioni scientifiche effettuate nel quadro del progetto di Eco-
Estrazione Transfrontaliera in vista della loro capitalizzazione e diffusione. Rappresenta il frutto di 26 
mesi di lavoro, di scambi ed incontri che hanno permesso a circa 500 attori economici e del mondo della 
ricerca di ritrovarsi intorno a temi quali competitività industriale e sviluppo sostenibile.

Vorremmo ringraziare sentitamente l’insieme dei nostri partner, i membri del progetto Eco-Estrazione 
Transfrontaliera per il loro impegno non solo al nostro fianco, ma anche nei confronti dei nostri partner 
finanziari : l’Unione europea (FEDER), lo Stato italiano, l’ADEME, la Regione Provence-Alpes-Côte d’Azur 
e la Regione Piemonte. 

Olivier BAGARRI,  
Direttore dell’Università Europea degli Odori & dei Sapori  

Olivier THEVENARD, 
Président de France Eco-Extraction

prefazione
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Les procédés d’extraction actuels sont de gros con-
sommateurs d’énergie. Ils représentent 50% de 
l’énergie consommée dans les procédés industriels 
tout secteur confondu et requièrent des investisse-
ments importants dans les entreprises allant de 40 
à 70% des investissements en capital.
Sur la zone Alcotra, la forte concentration d’entre-
prises utilisatrices dans les secteurs agro-alimen-
taires et cosmétiques fait de ce sujet un thème clé 
pour les économies d’énergie.
Conscients de ces enjeux en matière de développe-
ment durable, les Pôles de compétitivité et PRIDES 
Parfums Arômes Senteurs Saveurs, TRIMATEC et 
TERRALIA associés à l’UESS et FranceAgriMER ont 
conjugué ces dernières années leurs compétences, 
avec l’apport scientifique de l’Université d’Avignon 
et des Pays de Vaucluse et de l’association Innova-
tion Fluides Supercritiques, pour créer France Eco 
Extraction, une dynamique d’excellence autour des 
extraits naturels et des procédés innovants d’ex-
traction.
Parallèlement à cette action, les PRIDES PASS, 
TRIMATEC et TERRALIA travaillent à l’implantation 
d’une plateforme d’éco-extraction à Valréas (84) 
donnant ainsi tous les moyens à la recherche dans 
ce domaine et à la diffusion des éco-procédés d’ex-
traction dans le tissu industriel.
Le projet Eco-extraction transfrontalière s’in-
scrit pleinement dans cette dynamique en ayant 
comme objectif de promouvoir l’utilisation des éco-
procédés et ainsi réduire les émissions carbone.
Pour ce faire, le projet entend lever les blocages 
dans le « passage à l’acte » des industriels liés à :
•	 la	méconnaissance	des	résultats	obtenus	par	

ces éco-procédés,
•	 la	difficulté	à	transposer	ces	technologies	dans	

un process industriel déjà existant,

•	 l’absence	de	données	comparatives	entre	les	
technologies,

•	 l’absence	de	données	technico-économiques	et	
environnementales,

•	 etc.

Le projet se structure ainsi autour de 2 grandes 
actions :
•	 la	création	de	la	première	base	de	données	
d’éco-extraits,
•	 la	diffusion	et	la	promotion	des	éco-technolo-
gies dans le tissu industriel de la région alcotra à 
travers des conférences, des visites d’entreprises, 
de la formation et du transfert de technologie.

Le projet Eco-extraction transfrontalière associe 
plusieurs acteurs clés, garants de sa réussite :
•	 l’UESS-Prides	PASS,
•	 FranceAgriMer,
•	 Université	d’Avignon	et	des	Pays	de	Vau-

cluse-laboratoire GREEN,
•	 Tecnogranda,	cluster	agroalimentaire	de	la	

Région Piémont
•	 Université	des	Etudes	de	Turin	-	Faculté	de	

pharmacie.

Le projet Eco-extraction transfrontalière a été 
retenu en septembre 2011 à un financement eu-
ropéen au titre du programme de coopération Al-
cotra.
D’une durée prévisionnelle de 24 mois, le coût pré-
visionnel du projet s’élève à 1.067.950 €. Le pre-
mier comité de pilotage a eu lieu le 25 novembre 
2011.

Le projet Éco-extraction transfrontalière

I procedimenti di estrazione attuale sono dei 
grosso consumatori di energia. Rappresentano 
il 50% dell’energia consumata nei procedimenti 
industriali ogni settore confuso e richiedono degli 
investimenti importanti nelle imprese che vanno da 
40 al 70% degli investimenti in capitale.
Sul la zona Alcotra, la forte concentrazione di 
imprese utenti nei settori agro-alimentari e 
cosmetici fatti di questo argomento una tema 
chiave per le economie di energia.
Coscienti di queste poste in materia di sviluppo 
duraturo, i Poli di competitività e Cluster  
Profumi Aromi Sentori Sapori, TRIMATEC 
ed il polo TERRALIA associati a l’UESS e 
FranceAgriMer hanno coniugato questi ultimi 
mesi le loro competenze, con l’apporto scientifico 
dell’università di Avignon e dei Paesi di 
Vaucluse e dell’associazione Innovazione Fluidi 
Supercritiques, per creare Francia Eco Estrazione, 
una dinamica di eccellenza intorno ai brani naturali 
e dei procedimenti innovativi di estrazione.
Parallelamente a questa azione, i cluster PASS, 
TRIMATEC e TERRALIA lavorano da più di un 
anno all’insediamento di una piattaforma di éco-
estrazione a Valréas (84, dando così tutti i mezzi 
alla ricerca in questo campo ed alla diffusione 
dei éco-procedimenti di estrazione nel tessuto 
industriale.
Il progetto Eco-estrazione tra zone di confine si 
inserisce pienamente in questa dinamica avendo 
come obiettivo di promuovere l’utilizzazione dei éco-
procedimenti e così ridurre l’emissioni carbonio.
Per questo fare, il progetto sente sollevare i blocchi 
in lui “passaggio all’atto” alcuni industriali legati a :
•	 l’incomprensione	dei	risultati	ottenuti	da	questi	

éco-procedimenti,

•	 la	difficoltà	a	trasporre	già	queste	tecnologie	in	
un process industriale esistente,

•	 l’assenza	di	dati	comparativi	tra	le	tecnologie,
•	 l’assenza	di	dati	technico-economici	ed	

ambientalisti,
•	 ecc.

Il progetto si struttura così intorno a 2 grandi 
azioni :
•	 la	creazione	della	prima	banca	dati	di	éco-brani,
•	 la	 diffusione	 e	 la	 promozione	 delle	 éco-

tecnologie nel tessuto industriale della regione 
alcotra attraverso le conferenze, delle visite di 
imprese, della formazione e del trasferimento di 
tecnologia.

Il progetto Eco-estrazione tra zone di confine 
associa parecchie attori chiavi, garanti della sua 
riuscita :
•	 l’UESS-Prides	PASS,
•	 FranceAgriMer,
•	 Università	di	Avignon	e	dei	Paesi	di	Vaucluse	-	

laboratorio GREEN,
•	 Tecnogranda,	cluster	agroalimentare	della	

Regione Piemonte
•	 Università	degli	Studi	di	Torino	-	Facoltà	di	

farmacia.

Il progetto Eco-estrazione tra zone di confine è stata 
trattenuta nel settembre 2011 ad un finanziamento 
europeo a titolo del programma di cooperazione 
Alcotra.
Di una durata previsionale di 24 mesi, il costo 
previsionale del progetto si alza a1.067.950 €. Il 
primo comitato di pilotaggio ha avuto luogo il 25 
novembre 2011.

il progetto Éco-estrazione tra zone di confine
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L’Université européenne  
des saveurs & des senteurs 
www.uess.fr

L’Université Européenne des Sa-
veurs et des Senteurs (UESS) 
est un organisme de formation, 
d’animation et de promotion de la 

filière saveurs et senteurs, installé à Forcalquier, au 
cœur de la Haute-Provence. L’UESS est au service 
de toutes les entreprises qui travaillent dans la 
filière senteurs et saveurs et qui appuient leur dé-
veloppement sur l’identité de leur territoire. Créée 
en 2002, l’UESS possède une vocation nationale.
En matière de formation, l’UESS propose des for-
mations professionnelles courtes et des formations 
diplômantes longues sur les métiers des saveurs 
et les senteurs à tous les niveaux. Ces formations 
permettent de valider ou d’acquérir des connais-
sances et des compétences sur la fabrication, la 
réglementation et la commercialisation des pro-
duits issus de la filière senteurs et saveurs.
L’UESS a mis en place un dispositif de veille des 
besoins de formation et de compétences de la 
filière senteurs et saveurs, auprès de 60 entre-
prises et de syndicats professionnels de la filière. 
Il s’agit de recueillir les besoins de formation et de 
connaître l’évolution des métiers de la filière, en 
matière notamment de besoins de compétences 
afin d’adapter les formations existantes à ces be-
soins ou de développer de nouveaux programmes 
de formation. L’UESS travaille ainsi en étroite col-
laboration avec les Universités et les Centres de 
Formation des Apprentis de la région Provence 
Alpes Côte d’Azur afin que l’offre de formation ré-
gionale réponde aux besoins des entreprises de la 
filière senteurs et saveurs.

L’UESS propose aussi de nombreuses activités à 
destination du grand public autour de la diversité 
et de la qualité des produits saveurs et senteurs 
de la Provence. Elle développe également des par-
tenariats avec des régions et des pays de la Médi-
terranée (Grèce, Italie, Espagne, pays du Maghreb 
notamment…) qui appuient leur développement 
sur la valorisation des produits de leur terroir.

Compétences déjà acquises dans le domaine 
d’intervention du projet
L’UESS est membre fondateur du Pôle de compé-
titivité Parfums, Arômes, Senteurs, Saveurs. A ce 
titre, elle assure l’animation de la filière et du ré-
seau d’entreprises sur les départements des Alpes 
de Haute Provence, les Bouches-du-Rhône, les 
Hautes Alpes, le Vaucluse et la Drôme et travaille 
en étroite collaboration avec le siège principal du 
pôle à Grasse.
 
L’UESS pilote l’animation scientifique et territoriale 
du Pôle sur ce territoire. L’équipe de l’UESS com-
prend ainsi une spécialiste du montage de projets 
de R&D européens, qui assiste les entreprises, et 
plus particulièrement les PME dans l’élaboration 
de leurs projets. Cette personne participera aux 
activités du projet et mettra ses compétences à 
disposition du partenariat et du projet.

Dans le cadre de l’animation du pôle mais aussi 
de la réalisation de ses activités, l‘UESS a noué 
des relations étroites avec les acteurs de la filière 
senteurs et saveurs : les entreprises de la filière, 
les laboratoires, et les organismes de formation 
proposant également des formations aux métiers 
des saveurs et senteurs (Universités, Centres de 
formation des Apprentis, Centres de formation 

présentation des partenaires / presentazione dei partner
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professionnelle). Par son travail d’animation, 
l’UESS assure une fonction de mise en réseau de 
ces acteurs et bénéficie ainsi d’une expérience si-
gnificative en matière d’animation de réseau et de 
gestion de projet.
L’UESS a également développé des partenariats 
avec d’autres Pôles de compétitivité : Pôle TERRA-
LIA, Pôle TRIMATEC, Pôle Qualimed. Elle travaille 
en partenariat avec COSMED (l’association de la 
filière cosmétique, basée à Marseille). Elle coopère 
avec les Chambres de commerce de la région no-
tamment dans le cadre de l’organisation d’évène-
ments. L’UESS mettra au service de ce projet ces 
partenariats actifs qui faciliteront les travaux dans 
le cadre de la réalisation des activités.

L’Università europea  
dei sentori e dei sapori
www.uess.fr

L’Università Europea dei Sentori e 
dei Sapori (UESS) è un’organizza-
zione per la formazione, l’anima-
zione e la promozione del settore 

sentori e sapori, con sede a Forcalquier, nel cuore 
della Alta-Provenza. L’UESS è al servizio di tutte 
le imprese che lavorano nella filiera sentori e sa-
pori e che appoggiano il loro sviluppo sull’identità 
del loro territorio. Creata nel 2002, l’UESS possie-
de una vocazione nazionale. 
In ambito formativo, l’UESS propone delle forma-
zioni professionali brevi e delle formazioni lunghe 
con diploma finale sui mestieri dei sentori e dei 
sapori a tutti i livelli, Queste formazioni permet-
tono di validare o di acquisire delle conoscenze e 
delle competenze sulla fabbricazione, la normati-
va e la commercializzazione dei prodotti derivati 
dal settore dei sentori e sapori.
L’UESS ha creato un dispositivo di ascolto dei biso-
gni di formazione e di competenze del settore sen-

tori e sapori, presso 60 imprese e sindacati del set-
tore. Si tratta di raccogliere i bisogni di formazione 
e di conoscere l’evoluzione dei mestieri del settore, 
in particolare le necessità di nuove competenze per 
adattare le formazioni esistenti a tali bisogni o per 
sviluppare dei nuovi programmi di formazione. 
L’UESS lavora inoltre in stretta collaborazione con 
le Università e i Centri di Formazione degli Appren-
disti della regione Provenza Alpi e Costa Azzurra 
perché l’offerta di formazione regionale risponda ai 
bisogni delle imprese del settore sentori e sapori.

L’UESS propone inoltre numerose attività rivolte al 
grande pubblico sulla diversità e la qualità dei pro-
dotti sentori e sapori della Provenza. Sviluppa dei 
partenariati con delle regioni e dei paesi del Me-
diterraneo (Grecia, Spagna, e in particolare paesi 
del Maghreb,…) che basano il loro sviluppo sulla 
valorizzazione dei prodotti del loro territorio.

Competenze già acquisite nel settore di in-
tervento del progetto
L’UESS è membro fondatore del Polo della com-
petitività Parfums, Arômes,Senteurs, Saveurs. 
A tale titolo, assicura l’animazione del settore e 
della rete di aziende nel dipartimento delle Alpi 
dell’Alta Provenza, delle Bocche del Rodano, delle 
Alte Alpi, della Vaucluse e della Drome e lavora in 
stretta collaborazione con la sede principale del 
polo, a Grasse.

L’UESS conduce l’animazione scientifica e terri-
toriale del Polo su questo territorio. La squadra 
dell’UESS comprende inoltre uno specialista in 
scrittura di progetti europei di ricerca e sviluppo, 
che assiste le imprese ed in particolare le PMI 
nell’elaborazione dei loro progetti. Questa perso-
na parteciperà alle attività del progetto e metterà 
le sue competenze a disposizione del partenariato 
e del progetto.

Nell’ambito dell’animazione del polo ma anche 
della realizzazione delle sue attività, l’UESS ha 
intrecciato delle strette relazioni con gli attori del 
settore sentori e sapori: le imprese, i laboratori, 
e le organizzazioni di formazione che propongono 
anch’esse delle formazioni sui mestieri legati ai 
sentori e ai sapori (Università, Centri di formazio-
ne degli Apprendisti, Centri di formazione profes-
sionale). Con il suo lavoro di animazione, l’UESS 
assicura una funzione di messa in rete di questi 
attori e beneficia di un’esperienza significativa 
in materia di animazione di reti e di gestione di 
progetti.

L’UESS ha inoltre sviluppato dei partenariati con 
altri Poli di competitività : Polo TERRALIA, Polo 
TRIMATEC, Polo Qualimed. Lavora in partenariato 
con COSMED (l’associazione del settore cosmesi, 
basato a Marsiglia). Coopera con la Camera di 
commercio della regione, in particolare per l’orga-
nizzazione di eventi. L’UESS metterà al servizio di 
questo progetto i suoi partenariati attivi che faci-
literanno i lavori per la realizzazione delle attività.

Franceagrimer
www.franceagrimer.fr

FranceAgriMer, établis-
sement national des pro-
duits de l’agriculture et de 

la mer, est un établissement public administratif 
placé sous la tutelle de l’Etat. FranceAgriMer est 
un lieu d’échanges et d’arbitrage entre les filières 
françaises de l’agriculture et de la pêche, rassem-
blées au sein d’un même établissement, en lieu et 
place des anciens offices agricoles Missions

Face aux défis alimentaires, économiques, environ-
nementaux et énergétiques qui s’annoncent, les 
missions de FranceAgriMer sont :
sur les marchés
•	 Assurer	une	veille	économique	et	 la	 connais-

sance des marchés,
•	 Gérer	les	mesures	communautaires	de	régula-

tion des marchés,
•	 Générer	des	alertes	en	cas	de	crise.	

pour les filières
•	 Renforcer	l’efficacité	économique	des	filières,
•	 Participer	à	la	mise	en	place	d’une	politique	de	

développement durable et de qualité,
•	 Prévenir	les	risques	préjudiciables	aux	filières.	

Auprès des producteurs et opérateurs des fi-
lières

•	 Favoriser	l’organisation	des	producteurs,
•	 Encourager	le	dialogue	interprofessionnel,
•	 Contribuer	à	des	actions	de	coopération	tech-

nique y compris à l’international.

FranceAgriMer est au service des filières : céréales, 
fruits et légumes, horticulture, lait, oléo-protéagi-
neux, pêche et aquaculture, plantes à parfum, aro-
matiques et médicinales, sucre, viandes blanches, 
viandes rouges, vins.
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Le site de Volx (04) est une Antenne nationale de 
FranceAgriMer. Les agents qui y travaillent, ont un 
rôle d’animation et d’expertise de la filière Plantes 
à Parfum, Aromatiques et Médicinales. Le suivi et 
l’animation des filières riz et huile d’olive sont aus-
si dans les attributions de l’Antenne de Volx.

Franceagrimer
www.franceagrimer.fr

FranceAgriMer, istituto 
nazionale dei prodot-
ti dell’agricoltura e del 

mare, è un istituto pubblico amministrativo sotto 
la tutela dello Stato. FranceAgriMer è un luogo di 
scambio e di arbitrato tra i settori francesi dell’a-
gricoltura e della pesca, riuniti presso lo stesso 
istituto, in sostitu zione dei vecchi uffici agricoli 
Missioni.

Di fronte alle sfide alimentari, economiche, am-
bientali ed energetiche che si preannunciano, le 
missioni di FranceAgriMer sono :
sui mercati
•	 Assicurare	un	monitoraggio	economico	e	la	co-

noscenza dei mercati,
•	 Gestire	 le	 misure	 comunitarie	 per	 la	 regola-

mentazione dei mercati,
•	 Gestire	gli	stati	di	allarme	in	caso	di	crisi.
per le filiere
•	 Rafforzare	l’efficacia	economica	delle	filiere,
•	 Partecipare	à	la	creazione	di	una	politica	di	svi-

luppo sostenibile e di qualità,
•	 Prevenire	i	rischi	pregiudizievoli	per	le	filiere.
Presso i produttori e gli operatori delle filiere
•	 Favorire	l’organizzazione	dei	produttori,
•	 Incoraggiare	il	dialogo	interprofessionale,
•	 Contribuire	a	delle	azione	di	cooperazione	tec-

nica, comprese quelle internazionali.

FranceAgriMer è al servizio delle filiere: cereali, 
frutta e verdura, orticoltura, latte, oleo-prota-
ginose, pesca e acquacoltura, piante per profumi, 
aromatiche e medicinali, zucchero, carni bianche, 
carni rosse, vini. La sede di Volx (04) è un’Antenna 
nazionale di FranceAgriMer. Gli agenti che ci la-
vorano hanno un ruolo di animazione e di perizia 
del settore PPAM (Piante per Profumi, Aromatiche 
e Medicinali). Il monitoraggio e l’animazione dei 
settori del riso e dell’olio di oliva sono inoltre di 
competenza dell’Antenna di Volx.

Université d’avignon et des pays 
de Vaucluse (Groupe de 
recherche en eco-extraction 
de produits naturels - Green)
www.green.univ-avignon.fr

Le Groupe « Extraction » fait partie de 
l’UMR Sécurité et Qualité des Produits 
d’Origine Végétale.
Le Groupe de Recherche en Eco-Ex-

traction de produits Naturels (GREEN) axe ses 
recherches vers la mise au point et l’optimisation 
de procédés d’extraction mettant en jeu des tech-
nologies innovantes telles que les micro-ondes et 
les ultrasons.
Ces technologies d’extraction s’inscrivent dans une 
logique de développement durable, présentent les 
avantages énergétiques d’être rapides, peu « éner-
givore » et sans solvants.
Le GREEN articule ses activités entre une re-
cherche disciplinaire de haut niveau (production 
scientifique de l’ordre de 15 articles/an) et une 
offre de service et prestations répondant à des be-
soins spécifiques, qui viennent s’enrichir mutuelle-
ment. Il intervient également dans le domaine de la 
formation initiale et continue, et prône le transfert 
de son savoir-faire en extraction vers le secteur 
industriel.

Le groupe est titulaire de 4 brevets internationaux 
dans le domaine de l’extraction par micro-ondes.
Le groupe « extraction » de l’UMR A 408 INRA- 
Université d’Avignon et Pays de Vaucluse emploie 
notamment des chercheurs pluri-disciplinaires 
(chimie, génie des procédés, physique, modéli-
sation, biologie, biochimie...) spécialisés de l’ex-
traction des métabolites secondaires et primaires. 
Le groupe travaille sur la recherche de nouveaux 
procédés d’extractions utilisant des technologies 
propres et innovantes comme les micro-ondes, les 
ultrasons ou le solaire. L’UMR possède un savoir 
faire particulier dans les méthodes de caractérisa-
tion analytique et structurale des polyphénols et 
caroténoides (LC-DAD-MS (iontrap)) et aussi des 
extraits aromatiques et huiles essentielles (CG et 
CG-SM). Plusieurs brevets ont été déposés par le 
groupe « extraction », licenciés et le matériel d’ex-
traction commercialisé.

Università di avignone 
e dei paesi della Vaucluse
(Gruppo di ricerca 
in eco-estrazione dei 
prodotti naturali - Green)
www.green.univ-avignon.fr

Il Gruppo « Estrazione » fa parte dell’U-
MR (Unità Mista di Ricerca) Sicurezza e 
Qualità dei Prodotti di Origine Vegetale.
Il Gruppo di Ricerca in Eco-Estrazione di 

prodotti Naturali (GREEN) concentra le sue ricerche 
verso la messa a punto e l’ottimizzazione delle pro-
cedure di estrazione, utilizzando tecnologie innova-
tive quali le microonde e gli ultrasuoni.
Queste tecnologie estrattive s’iscrivono nella logi-
ca dello sviluppo sostenibile, presentano i vantaggi 
energetici di essere rapide, di utilizzare poco ener-
gie e di non avere solventi.

Il GREEN sviluppa le sue attività tra una ricerca 
disciplinare di alto livello (produzione scientifica 
di 15 articoli per anno) e un’offerta di servizio e di 
prestazioni rispondenti a dei bisogni specifici, che 
si arricchiscono reciprocamente. Interviene inoltre 
nel settore della formazione iniziale e continua, e 
incentiva il trasferimento delle sue conoscenze in 
estrazione verso il settore industriale.
Il gruppo è titolare di 4 brevetti internazionali nel 
settore dell’estrazione con micro-onde.
Il gruppo « estrazione » dell’UMR A 408 INRA- Uni-
versità di Avignone e Paesi delle Vaucluse impiega 
in particolare dei ricercatori pluri-disciplinari (chi-
mica, ingegneria dei processi, fisica, costruzione 
di modelli, biologia, biochimica,...) specializzati 
nell’estrazione di metaboliti secondari e primari. 
Il gruppo lavora per la ricerca di nuovi processi 
di estrazione utilizzando delle tecnologie proprie 
e innovative come le micro-onde, gli ultrasuoni e 
l’energia solare. L’UMR possiede una competenza 
particolare nei metodi di caratterizzazione analitici 
e strutturali dei polifenoli e carotenoidi (LC-DAD-
MS (iontrap), degli estratti aromatici e degli oli 
essenziali (CG e CG-SM). Il gruppo “estrazione” ha 
depositato diversi brevetti, che sono stati ricono-
sciuti e il materiale di estrazione è stato commer-
cializzato.

tecnogranda
www.tecnogranda.it

Tecnogranda est une 
société à capital mixte 

majoritairement public dont la vocation est spéci-
fiquement tournée vers le secteur agroalimentaire.
Créée en 2002 par la volonté des Institutions 
publiques locales et d’un groupe d’entreprise au-
jourd’hui compté entre ses associés : La Région 
Piémont (à travers Finpiemonte), les Communes de 
Cuneo et de Dronero, la Chambre de Commerce de 
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Cuneo, associazioni di categoria, instituts de crédit 
et de nombreuses entreprises.
Tecnogranda est opérationnelle depuis 2006, elle a 
connu une accélération significative de ses activi-
tés à partir de la seconde moitié de l’année 2007. 
La structure occupe un espace de 10.000 m2 orga-
nisé en deux grandes zones : la zone laboratoires 
et la zone services. Les parties communes incluent 
l’accueil, la salle de conférences et les espaces 
disponibles pour les entreprises.
Compétences déjà acquises dans le domaine d’in-
tervention du projet
Tecnogranda, identifiée par la Région Piémont 
comme le nœud et gérant du pôle agroalimentaire 
piémontais constitue l’interlocuteur pour les acti-
vités de :
•	 coordination	entre	les	divers	acteurs	impliqués	

dans le secteur agroalimentaire
•		lien	entre	le	monde	productif	(en	particulier	les	

PME) et les institutions : instituts de recherche 
publics (Faculté agraire, siège à Turin et Cuneo ; 
Politecnico de Turin, siège de Turin et Mondo-
vi ; Université des sciences gastronomiques de 
Pollenzo ; instituts de recherche privés (C-Lab, 
Creso) ; instituts de recherche étrangers,

•	 appui	aux	entreprises	pour	l’acquisition	de	ser-
vices à haute valeur ajoutée (traçabilité, certifi-
cations, analyse en laboratoires) ;

•	 veille	technologique	et	transfert	de	technologies	
aux entreprises. Organisation de séminaires, 
formations, workshop technologiques ;

•	 construction	 et	 participation	 dans	 des	 parte-
nariats nationaux et internationaux ; montage, 
coordination et/ou participation directe à des 
projets de recherche et développement d’intérêt 
pour les filières agroalimentaires ;

•	 activité	de	 laboratoire	spécialisé	en	particulier	
sur les domaines non couverts par des labora-
toires privés.

Dans la réalisation des ses activités Tecnogranda 

tisse des relations pérenne avec toutes les réalités 
du monde productif, académique et institutionnel 
impliquées dans la promotion du secteur agroali-
mentaire du territoire piémontais.

tecnogranda
www.tecnogranda.it

Tecnogranda è una so-
cietà a capitale misto 

per lo più pubblico, la cui vocazione è particolar-
mente rivolta al settore agroalimentare.
Creata nel 2002 per volontà delle Istituzioni pubbli-
che locali e di un gruppo di imprese, oggi conta tra 
i suoi associati : la Regione Piemonte (attraverso 
Finpiemonte), i Comuni di Cuneo e di Dronero, la 
Camera di Commercio di Cuneo, le associazioni di 
categoria, istituti di credito e numerose imprese.
Tecnogranda è operativa dal 2006, ha conosciuto 
un aumento significativo delle sue attività dalla 
seconda metà del 2007. Tecnogranda è un parco 
scientifico e tecnologico che mette in relazione 
le imprese del territorio portatrici di esigenze di 
innovazione tecnologica con i propri ricercatori e 
laboratori e con la rete di conoscenza costituita da 
atenei, Parchi scientifico-tecnologici, altri Centri di 
ricerca eccellenti in Italia e all’estero.
La struttura occupa uno spazio di 10 000 m2 orga-
nizzato in due grandi zone: la zona dei laboratori 
e la zona dei servizi. Le parti comuni includono il 
ricevimento, la sala conferenze e gli spazi a dispo-
sizione delle imprese.
Competenze già acquisite nell’ambito di intervento 
del progetto.
Per la realizzazione delle sue attività Tecnogranda 
intesse delle relazioni stabili con tutte le realtà del 
mondo produttivo, accademico e istituzionale coin-
volte nella promozione del settore agroalimentare 
del territorio piemontese.
Tecnogranda, identificata dalla Regione Piemonte 

come il nodo e il gestore del polo agroalimentare 
piemontese, costituisce l’interlocutore per le se-
guenti attività :
•	 Coordinamento	 tra	 i	 diversi	 attori	 coinvolti	 nel	

settore agroalimentare ;
•	 Legame	 con	 il	 territorio,	 con	 una	 conoscenza	

diretta della comunità economica locale, con-
tribuendo al suo sviluppo. Mantiene e sviluppa 
relazioni con gli altri attori del territorio: mondo 
produttivo (più di 300 aziende aderenti al Polo 
di Innovazione Agroalimentare, in particolare 
PMI) ; istituzioni, associazioni, consorzi, centri di 
formazione ; istituti di ricerca pubblici (Facoltà di 
agraria dell’Università di Torino, sede di Torino 
e Cuneo ; Politecnico di Torino, sede di Torino 
e Mondovì ; Università degli Studi di Scienze 
Gastronomiche di Pollenzo ; Università del Pie-
monte Orientale con sedi a Novara, Vercelli ed 
Alessandria) e privati (C-Lab, Creso) ; rete dei 
Parchi scientifici e tecnologici del Piemonte ; 
sistema finanziario e Fondazioni bancarie ;

•	Sostegno	alle	imprese	per	l’acquisizione	di	servi-
zi ad alto valore aggiunto (tracciabilità, certifica-
zioni, analisi di laboratorio) ;

•	 Monitoraggio	 e	 trasferimento	 tecnologico	 alle	
imprese. Organizzazione di seminari, formazioni, 
workshop tecnologici ;

•	Costruzione	e	partecipazione	a	partenariati	na-
zionali e internazionali (tramite rete di istituti di 
ricerca stranieri) ; scrittura, coordinamento e/o 
partecipazione diretta a progetti di ricerca e svi-
luppo d’interesse per la filiera agroalimentare ;

•	Attività	di	laboratorio	specializzata	in	particolare	
nei settori non coperti dai laboratori privati.

Incubatore di imprese : TECNOGRANDA ospita e 
supporta sia aziende in fase di start-up che impre-
se già avviate impegnate in progetti d’innovazione 
in vari ambiti di attività.

département de sciences et 
technologie dans le domaine 
pharmaceutique de l’université 
de turin
www.ocp.unito.it/index.html

Le Département de Sciences 
et technologie Pharmaceu-
tique a été créé en 1984 sur 

proposition d’un groupe de professeurs de l’Institut 
de Chimie Pharmaceutique et de Toxicologie. Dans 
ce département ont été regroupé toutes les per-
sonnes appartenant à cet Institut. 
Actuellement, le Département comprend environ 
75% des professeurs de la Faculté de Pharmacie, 
offrant des laboratoires et des moyens pour une 
grand nombre de mémoires de laurea expérimen-
tales et de thèses de Doctorat de Recherche.. 
L’organigramme du personnel du département est 
composé de 9 professeurs, 15 professeurs associés 
et 21 chercheurs qui assurent une charge d’ensei-
gnement importante. L’implication significative des 
chercheurs du département fait que la recherche 
est d’un très bon niveau, comme démontré plus 
bas, confortée par des résultats brillants au niveau 
national et international.
Le Département gère également le cours de per-
fectionnement dans les préparations topiques, 
pharmaceutiques et cosmétiques et l’Ecole de spé-
cialisation dans la Pharmacie Hospitalière.
Dans le département travaillent également les 
doctorants du doctorat de recherche en sciences et 
hautes technologies de Sciences de la Pharmacie 
et Sciences Bio-chimiques.

Groupes de recherche
Biochimie et Biotechnologie Moléculaire, Chimie, 
Chimie pharmaceutique, chimie pharmaceutique 
appliquée, Computer Assisted Strategies in Me-
dicinal Chemistry, Phytotérapie, Techniques-Phar-
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maceutiques, Chimie organique et substances 
naturelles. Le groupe de chimie organique et subs-
tances naturelles coordonné par le Prof. Giancarlo 
Cravotto est impliqué depuis des années dans le 
développement de techniques d’extraction non 
conventionnelles par utilisation d’ultrasons et mi-
cro-ondes et dans la mise au point de techniques et 
de méthodes d’analytiques pour la caractérisation 
des extraits. Una attention particulière a été portée 
à la mise au point de réacteurs sono-chimiques in-
novants à la fois à l’échelle laboratoire que sur des 
systèmes pilote pour des applications industrielles. 
Dans ce domaine, 5 brevets ont été déposés pour 
la réalisation d’une série de réacteurs innovants 
combinant les deux techniques. Dans le domaine 
de l’extraction réalisée par ultrasons ou par mi-
croondes, le groupe a pu conjuguer l’expérience 
dans le champ des substances naturelles avec ce-
lui de l’innovation technologique et des énergies 
non conventionnelles.

Les activités de recherche du département dirigé 
par le Prof. Giancarlo Cravotto est à l’origine de 
plus de 175 articles scientifiques (peer-reviewed 
articles), environ 200 communications lors de 
congrès, 6 chapitres de livres et 15 brevets (5 PCT). 
Il réalise une activité importante de didactique- 
scientifique lors de cours de formation et remise à 
niveau pour Pharmaciens et Médecins.
Les activités de recherche ont concerné princi-
palement le domaine des substances organiques 
naturelles biologiquement actives (isolement, 
identification structurelle, modification chimique 
et synthèse totale). Dans le courant se ces études, 
de nouvelles méthodologies de synthèse et d’ex-
traction par ultrasons et microondes ont été déve-
loppées.
Le Département collabore aussi avec de nom-
breuses entreprises italiennes et étrangères du 
secteur chimico-pharmaceutiques, alimentaire et 

de l’amélioration environnementale.
La collaboration avec le professeur Farid Chemat 
de l’unité de recherche sur les éco-extractions de 
produits naturels (GREEN) de l’université d’Avignon 
(partenaire du projet) est active depuis plus de 
quatre ans. La collaboration est finalisée à l’optimi-
sation de techniques extractives éco-compatibles 
pour l’obtention de produits qui intéressent les 
secteurs alimentaires et pharmaceutiques. A titre 
d’exemple il convient de noter des collaborations 
et recherche sur les matrices de graines de kiwi et 
des carottes (béta-carotène).

dipartimento di scienza e 
tecnologia del farmaco - 
Università degli studi di torino
www.ocp.unito.it/index.html

Il Dipartimento di Scienza e 
Tecnologia del Farmaco si è 
formato nel 1984 su proposta 

di un gruppo di docenti dell’Istituto di Chimica Far-
maceutica e Tossicologica. In esso sono confluiti 
tutti gli appartenenti al suddetto Istituto. 
In anni successivi hanno aderito al Dipartimento i 
docenti e il personale dell’Istituto di Chimica Far-
maceutica Applicata.
Attualmente il Dipartimento comprende circa il 
75% dei docenti della Facoltà di Farmacia, offren-
do laboratori e mezzi per un gran numero di tesi di 
laurea sperimentali e tesi di Dottorato di Ricerca.
L’organico del personale docente del Dipartimento 
risulta composto da nove Professori Ordinari, quin-
dici Professori Associati e ventuno Ricercatori che 
sono quindi sottoposti a un notevole carico didat-
tico. L’impegno notevole dei ricercatori del Dipar-
timento fa comunque sì che la ricerca sia, come 
dimostrato di seguito, di ottimo livello, confortata 
da risultati anche brillanti in campo nazionale e 
internazionale.

Al Dipartimento afferiscono anche il Corso di Per-
fezionamento in Preparazioni Topiche, Farmaceuti-
che e Cosmetiche e la Scuola di Specializzazione in 
Farmacia Ospedaliera.
Presso il Dipartimento operano i dottorandi del 
Dottorato di ricerca in Scienza e alta Tecnologia 
indirizzi di Scienza del Farmaco e Scienze Bio-chi-
miche.

Gruppi di ricerca
Biochimica e Biotecnologia Molecolare, Chimica 
Farmaceutica, Chimica Farmaceutica Applicata, 
Computer Assisted Strategies in Medicinal Che-
mistry, Fitochimica, Tecnica Farmaceutica, Chimica 
Organica e Sostanze Naturali.
Il Gruppo di Chimica Organica e Sostanze Naturali 
coordinato dal Prof. Giancarlo Cravotto è impegna-
to da anni nello sviluppo di tecniche estrattive non 
convenzionali mediante ultrasuoni e microonde e 
nella messa a punto di tecniche e metodi analitici 
per la caratterizzazione degli estratti. Particolare 
attenzione è stata dedicata alla progettazione di 
reattori sonochimici innovativi sia su scala labora-
torio che sistemi pilota per applicazioni industriali. 
In questo campo sono stati depositati 5 brevetti 
realizzando una serie di reattori innovativi combi-
nando le due tecniche. Nell’ambito dell’estrazione 
promossa da ultrasuoni o da microonde il gruppo 
ha potuto coniugare l’esperienza nel campo delle 
sostanze naturali con quello della innovazione tec-
nologica e delle energie non-convenzionali.
La attività di ricerca del Dipartimento diretto dal 
Prof. Giancarlo Cravotto è documentata da oltre 
175 articoli scientifici (peer reviewed articles), 
circa 200 comunicazioni a congresso, 6 capitoli di 
libri e 15 brevetti (5 PCT). Svolge una lunga attività 
didattico-scientifica in corsi di formazione e aggior-
namento per Farmacisti e Medici.
Le attività di ricerca hanno riguardato principal-
mente il campo delle sostanze organiche naturali 

biologicamente attive (isolamento, identificazione 
strutturale, modificazione chimica e sintesi totale). 
Nel corso di questi studi sono state sviluppate nuo-
ve metodologie sintetiche ed estrattive promosse 
da ultrasuoni e da microonde.
Collabora inoltre con molte aziende italiane e stra-
niere del settore chimico-farmaceutico, alimentare 
e della bonifica ambientale. La collaborazione con 
il prof Chemat dell’unita di ricerca sulle eco estra-
zioni di prodotti naturali (Green) presso l’Università 
di Avignone (partner del progetto) è attivo da oltre 
quattro anni. La collaborazione è finalizzata all’ot-
timizzazione di tecniche estrattive ecocompatibili 
per l’ottenimento di prodotti di interesse alimentare 
e farmaceutico. A titolo di esempio vale la pena ri-
cordare alcune collaborazioni e ricerche sulle matrici 
dei semi di kiwi e delle carote (betacarotene).
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Par la décision C(2007)5716 du 29 novembre 
2007 la Commission Européenne a approuvé le 
programme de coopération transfrontalière entre 
la France et l’Italie « ALCOTRA » pour la période 
2007-2013. Le Programme dispose d’une enve-
loppe financière d’environ 237,5 millions d’euro, 
dont 149.7 millions d’euro à la charge du FEDER.

Le programme couvre toute la frontière alpine entre 
les deux Pays. Il a pour objectif d’améliorer la qua-
lité de la vie des populations et le développement 
durable des systèmes économiques et territoriaux 
transfrontaliers au travers de la coopération dans 
les domaines du social, de l’économie, de l’envi-
ronnement et de la culture.

Alcotra 2007-2013 est le quatrième programme 
de coopération transfrontalier déployé le long de 
la frontière continentale entre Italie et France. Au 
cours des précédentes programmations 561 projets 
ont été financés : 141 dans la période 1991-1993 
pour un total d’environ 61 millions d’euros, 268 
dans la période 1994 - 1999 pour un total d’environ 
159 millions d’euros, 152 dans la période 2000-
2006 pour un total d’environ 161 millions d’euros.

Le programme Alcotra 2007-2013 se distingue 
des précédentes périodes de programmation, en 
introduisant deux nouvelles modalités de mise en 
œuvre. Aux projets de coopération simples ont été 
ajoutés les projets stratégiques et les plans inté-
grés transfrontaliers dans l’objectif d’augmenter 
la qualité et le degré d’intensité de la coopération.

Le Programme est financé par les fonds structurels, 
instruments de mise en oevre de la politique ré-
gionale communautaire destinés à financer les pro-
grammes pluriannuels de développement régional, 
établis entre la Commission Européenne, les Etats 
membres et les Régions.
Les Fonds structurels sont au nombre de trois : le 
FEDER (Fonds européen de développement régio-
nal), le FSE (Fonds social européen) et le Fonds de 
cohésion. Et, même si leurs actions sont coordon-
nées, chacun intervient selon ses propres spécifici-
tés sectorielles.
La politique régionale de l’Union européenne (dans 
la période de Programmation 2007-2013) se décline 
en trois objectifs principaux : « convergence », 
« compétitivité régionale et emploi » et « coopéra-
tion territoriale européenne ». 

Projet cofinancé par le programme Alcotra 2007-2013 / 
Fonds européen de développement régional

L’accord-cadre État-Région-ADEME pour la période 2007-2013 a été officiellement signé en décembre 2007 
par Michel Vauzelle, président de la Région Paca, Michel Sappin, préfet de région, et Michèle Pappalardo, 
présidente de l’ADEME. Les volets énergie et mobilité du nouvel accord-cadre sont désormais intégrés au 
contrat de projets État-Région (CPER), les déchets et le management environnemental y sont annexés. La 
dotation totale s’élève à 122 M€ : 58 M€ de la Région (47,2 M€ au titre du CPER, 10,8 M€ hors CPER) et 64 
M€ de l’État au travers de l’ADEME (52 M€ au titre du CPER et 12 M€ hors CPER). Ces moyens sont mobilisés 
au service de deux objectifs majeurs : maîtriser la demande énergétique et développer les énergies renouve-
lables d’une part, créer une dynamique de développement local adoptant des modes de consommation et de 
production durables d’autre part.

Accord-cadre État-Région-ADEME 2007-2013 : une 
intégration renforcée au contrat de projets État-Région
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Ce livret présente les publications scientifiques des études qui ont été 
menées dans le cadre du projet Eco-Extraction Transfrontalière et l’analyse 

des attentes des entreprises en matière d’éco-procédés.
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Enquête sur les attentes et besoins 
en éco-extraction
Le projet de recherche alcotra eco-extraction transfrontalière (eet) vise à promouvoir la 
diffusion des éco-technologies d’extraction dans le tissu industriel franco-italien.  
pour répondre à cet objectif, une enquête transfrontalière a été conduite afin d’évaluer les 
attentes et connaissances des professionnels dans le domaine des éco-procédés d’extraction 
(ultrasons, micro-ondes, etc.).

mÉthodoLoGie
11 questions (choix multiples) - 72 réponses
Thèmes abordés : les matières premières utilisées, les technologies utilisées, la connaissance des éco-
procédés, les attentes et besoins de développement d’éco-extraits. Période d’enquête : 6 décembre 
2012 au 21 décembre 2012.
Personnes interrogées : producteurs, fabricants d’extraits, entreprises utilisatrices (cosmétiques, 
agroalimentaire, etc.). Aucune donnée nominative diffusée dans le cadre de cette enquête.

1 - Qui êtes-vous ?/Tipologia di azienda
une micro-entreprise (<10 salariés) 36 50%
microimpresa (< 10 dipendenti) 7 41%
une TPE (10 à 19 salariés)  4  6%
une petite entreprise (20 à 49 salariés)  6  8%
Piccola Impresa (10-49 dipendenti) 1 6%
une entreprise moyenne (50 à 249 salariés)  9  13%
Media Impresa (50 – 249 dipendenti)  2 12%
une grande entreprise (>250 salariés)  8  11%
Grande impresa ( > 250 dipendenti)  1 6%
Autre 8  11%
Altro 6 35%

2 - Votre principal secteur d’activité/ 
Principale settore di attività
Production de matières premières végétales  
Produzione di materie prime vegetali   10%
Production d’extraits
Produzione di estratti  14%
Production d’arômes et/ou de compositions  
parfumantes

Produzione di aromi e/o essenze  7%
Cosmétiques, produits d’hygiène et de toilette 
Cosmetici, prodotti per l’igiene e da toilette  23%
Agroalimentaire/Agroalimentare  10%
Nutraceutique/ 
Nutraceutica-integratori alimentari  0%
Pharmaceutique/Prodotti Farmaceutici  2%
Equipementier  5%
Autre/Altro  28%

3 - Quelle(s) est/sont les matières premières 
(produits et co-produits) dont sont issus les 
extraits que vous utilisez ?/Quali sono le 
materie prime (prodotti e coprodotti) che 
sono oggetto di estrazione da voi utilizzati ?
Fruits/Frutta    19%
Légumes/Verdura   13%
Plantes à parfum, aromatiques et médicinales/
Piante aromatiche e erbe officinali   36% 
Céréales/Cereali   8%

Produits de la ruche (miel, pollen, etc.)/
Prodotti della filiera del miele    9%
Produits de la vigne/
Prodotti della filiera della vite    9%
Produits ligneux (cellulose, etc.)/
Prodotti della filiera del legno    5%
Autre/Altro    2%

4 - Quels procédés d’extraction utilisez-
vous prioritairement ou de quels procédés 
sont issus les extraits que vous utilisez 
?/Quali processi di estrazione usate 
prevalentemente o da quali metodi estrattivi 
provengono gli estratti da voi utilizzati ?
Hydro-distillation/Idrodistillazione    27%
Extraction par solvant organique/
Estrazione tramite solventi   16%
Extraction assistée par ultrasons/
Estrazione assistita da ultrasuoni    7%
Extraction assistée par micro-ondes/

Estrazione assistita da microonde    5%
Extraction par fluides supercritiques/
Estrazione con fluidi supercritici    9%
Turbo hydro-distillation/Turbo idro-distillazione   3%
Macération (alcoolique, glycérinée, etc.)/ 
Macerazione    23%
Flash détente/Rilassamento istantaneo (shock 
termico sottovuoto)   0%
Champs électriques pulsés/
Campi elettrici pulsati    0%
Détente Instantanée Contrôlée/DIP - Instant 
Controlled Pressure Drop    1%
Extraction par agrosolvants/
Extrazione tramite agrosolventi    7%
Autre/Altro    2%

5 - Connaissez-vous les technologies 
d’extraction suivantes et quel niveau de 
connaissance en avez-vous ?/Siete a 
conoscenza delle tecnologie di estrazione 
seguenti e a che livello ? (cf. graphique) 

niveau de connaissance des technologies d’extraction (question n°5).
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6 - selon vous, quels sont les principaux 
freins à la généralisation de ces 
technologies dans le tissu industriel ?/A 
vostro giudizio quali sono i principali 
ostacoli alla diffusione di queste tecnologie 
in ambito industriale ?
Le manque d’information/
La mancanza di informazione  21%
Le coût/Il costo  23%
La composition physico-chimique de l’extrait/
La composizione fisico-chimica degli estratti  9%
Le process industriel à adapter/La necessità 
di adattare il processo industriale  17%
La qualité organoleptique ou sensorielle  
de l’extrait/La qualità organolettica o sensoriale 
dell’estratto  9%
La contrainte réglementaire/
Le restrizioni regolamentari  10%
Les difficultés de certification de l’extrait  
(Certification biologique)/Le difficoltà di 
certificazione dell’estratto (Organic, ecc.)  8%
Autre/Altro  2%

7 - Quels sont les arguments qui vous 
inciteraient à adopter ces technologies ?/
Quali sono gli elementi motivanti per 
l’adozione delle nuove tecnologie ?
Le gain économique (réduction de la consommation 
énergétique)/La performance economica (riduzione 
del consumo energetico)  21%
Le gain environnemental (réduction des émissions  
de CO2)/Gli aspetti ambientali (riduzione delle 
emissioni di CO2, sostituzione dei solventi 
petrolchimici, etc.)  23%
La meilleure qualité des produits/
La qualità dei prodotti (principio attivo, profumo, 
aroma, ecc.)  25%
La sélectivité de l’extraction/La selettività 
dell’estrazione  14%
La valorisation de la technologie sur le plan  

marketing/La valorizzazione del prodotto dal punto 
di vista del marketing  15%
Autre/Altro  2%

8 - sur quelle technologie aimeriez-vous 
avoir plus d’information ?/Rispetto a quali 
tecnologie sareste interessati ad avere 
maggiori informazioni ?
Hydro-distillation/Idrodistillazione    6%
Extraction par solvant organique/
Estrazione tramite solventi    3%
Extraction assistée par micro-ondes/Estrazione 
assistita da microonde    9%
Extraction assistée par ultrasons/
Estrazione assistita da ultrasuoni    12%
Extraction par agrosolvants/
Estrazione attraverso agrosolventi    10%
Détente Instantanée Contrôlée/DIP (Instant 
Controlled Pressure Drop)    11%
Extraction par fluides supercritiques (CO

2)/
Estrazione con fluidi supercritici    8%
Turbo hydro-distillation/
Turbo idro-distillazione    12%
Macération/Macerazione    4%
Flash détente/Rilassamento istantaneo 
(shock termico sottovuoto)    10%
Champs électriques pulsés/
Campi elettrici pulsati    14%
Autre/Altro   1%

9 - Quelles matières premières souhaiteriez-
vous prioritairement travailler à partir de ces 
technologies ?/Quali matterie prime vorreste 
lavorare a partire dalle suddette tecnologie?
Plantes à parfum, aromatiques et  
médicinales/Erbe officinale    55%
Légumes/Verdure    13%
Fruits/Frutta    20%
Céréales/Cereali    12%
Autre/Altro    1%

Green Extraction of Natural Products: 
Concept and Principles
Farid Chemata*, Maryline Abert Viana, Giancarlo Cravottob

a Université Avignon et des Pays de Vaucluse, INRA, UMR408, Avignon 84000, France; 
E-Mail: maryline.vian@univ-avignon.fr
b Dipartimento di Scienza e Tecnologia del Farmaco, Università di Torino, via P. Giuria 9, Torino 10125, Italy; 
E-Mail: giancarlo.cravotto@unito.it

the design of green and sustainable extraction methods of natural products is currently a 
hot research topic in the multidisciplinary area of applied chemistry, biology and technology. 
herein we aimed to introduce the six principles of green-extraction, describing a multifacet-
ed strategy to apply this concept at research and industrial level. the mainstay of this work-
ing protocol are new and innovative technologies, process intensification, agro-solvents and 
energy saving. the concept, principles and examples of green extraction here discussed, 
offer an updated glimpse of the huge technological effort that is being made and the diverse 
applications that are being developed. © 2012 by the authors; licensee MDPI, Basel, Switzerland.

Keywords: green extraction - alternative solvents - innovative process - natural products

1. introdUCtion

The extraction of natural products, for example 
in the perfume industry, was considered “clean” 
when compared with heavy chemical industries, 
but researchers and professional specialists found 
that its environmental impact is far greater than 
first appeared. The overall environmental impact 
of an industrial extraction cycle is not easily to 
estimate; however it is known that it requires at 
least the 50% of the energy of the whole industrial 
process. In spite of the high energy consumption 
and the large amount of solvents, often the yield is 
indicated in decimals. For example, a single milli-
liter of rose absolute that weighs less than 1 gram 
requires not only 1 kg of fresh roses as raw mate-
rial but also a large quantity of solvents (n-hexane, 
alcohol), energy (fossil) and water as cooling agent.
Extraction of natural products has been used pro-

bably since the discovery of fire. Egyptians and 
Phoenicians, Jews and Arabs, Indians and Chinese, 
Greeks and Romans, and even Mayas and Aztecs, 
all possessed innovative extraction processes (ma-
ceration, alembic distillation, etc.) used even for per-
fume, medicine or food. Nowadays, we cannot find 
a production process in the perfume, cosmetic, phar-
maceutical, food, bio fuel, or fine chemicals indus-
tries, which does not use extraction processes, such 
as (maceration, steam or hydro-distillation, pressing, 
decoction, infusion, percolation and Soxhlet extrac-
tion). In the food industry, besides the well establi-
shed huge extraction processes of sugar beet and 
sugar cane, and the preparation of decaffeinated tea 
and coffee, many formulations have been developed 
by adding plant extracts and nutraceuticals concen-
trates. Bioactive compounds or their precursors (an-
tibiotics, chemo-preventive agents, alkaloids, etc.) 
are extracted by the pharmaceutical industry, either 
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with conventional methods or modern technologies. 
Recent trends in extraction techniques have largely 
focused on finding solutions that minimize the use 
of solvents. This, of course, must be achieved while 
also enabling process intensification and a cost-ef-
fective production of high quality extracts.
The challenges launched by the competitiveness 
of the globalized market and environment protec-
tion strongly require technological innovations 
that break away from the past rather than simple 
continuity. The 12 principles of green chemistry 
were quickly matched by the 12 principles of green 
engineering that form the basis of modern “sustai-
nable” processes [1]. The European scenario is being 
dramatically changed by the directive REACH (Regis-
tration, Evaluation, Authorisation and Restriction of 
Chemicals) concerning chemical substances, either 
as such, or entering into products or manufactured 
objects, while IPPC (Integrated Pollution Prevention 
Control) is aimed at reducing the contribution of 
industry to non-sustainable development. This di-
rective puts the spotlight on processes by defining 
the notion of BAT (Best Available Technology) for 
each professional sector. It puts product and pro-
cess together definitively, according to the adage 
“You won’t make tomorrow’s products using yester-
day’s processes”. In this context, the development 
of green technologies and the use of renewable 
raw material occupy a central role in environmen-
tal-friendly processes. An R&D policy to be applied 
even to traditional solid-liquid extraction (SLE) pro-
cesses would be advantageous. 

2. deFinition oF Green extraCtion

A general definition of green chemistry is the in-
vention, design and application of chemical pro-
ducts and processes to reduce or to eliminate the 
use and generation of hazardous substances.
In relation to green extraction of natural products, 

this definition can be modified as follows: “Green 
Extraction is based on the discovery and design 
of extraction processes which will reduce energy 
consumption, allows use of alternative solvents 
and renewable natural products, and ensure a safe 
and high quality extract/product”.
Three major solutions have been identified to de-
sign and demonstrate green extraction on labora-
tory and industrial scale to approach an optimal 
consumption of raw materials, solvents and ener-
gy: (1) improving and optimisation of existing pro-
cesses; (2) using non-dedicated equipment; and (3) 
innovation in processes and procedures but also in 
discovering alternative solvents.

3. the six prinCipLes oF  
Green extraCtion

The listing of the “six principles of Green Extraction 
of Natural Products” should be viewed for industry 
and scientists as a direction to establish an innova-
tive and green label, charter and standard, and as 
a reflection to innovate not only in process but in all 
aspects of solid-liquid extraction:
principle 1: Innovation by selection of varieties 
and use of renewable plant resources.
principle 2: Use of alternative solvents and princi-
pally water or agro-solvents.
principle 3: Reduce energy consumption by ener-
gy recovery and using innovative technologies.
principle 4: Production of co-products instead of 
waste to include the bio- and agro-refinin industry.
principle 5: Reduce unit operations and favour 
safe, robust and controlled processes.
principle 6: Aim for a non denatured and biode-
gradable extract without contaminants.
The principles have been identified and described 
not as rules but more as innovative examples to 
follow, discovered by scientists and successfully 
applied by industry.

3.1. principle 1: innovation by the selection 
of Varieties and the Use of renewable plant 
resources
The increasing demand of natural products and ex-
tracts is leading to the over-exploitation of natural 
plant resources. History reports several examples 
of plant extinction because of overutilization; the 
preservation of biodiversity is therefore mandatory 
in the respect of future generations. In green extrac-
tion, fully renewable resources have to be favoured 
either with intensive cultivation or in vitro growth of 
plant cells or organisms. 
A quarter of current medicines are extracted from 
plants, the anti-cancer paclitaxel (Taxol®) extracted 
from the bark of the western yew (Taxus brevifo-
lia) is the best known example. During the 1970s 
no less than 30 tonnes of bark were collected 
for clinical trials: 10 kg of dry bark produce only  
1 g of taxol after extraction and purification.
A large number of research projects have therefore 
been aimed at finding alternatives to felling trees of 
this threatened species. Since 1980 paclitaxel and 
docetaxol (Taxotere®) are prepared by semi-synthe-
sis from the natural precursor, 10-deacetylbaccatine 
III, extracted from needles and branches (renewable 
resource) of different yew tree species. Figure 2 
presents the green route to docetaxol instead of the 
conventional procedure which uses non-renewable 
plant resources.
The large-scale uncontrolled harvesting of natural 
resources thus carries the risk of making the spe-
cies rare or even extinct. Harpagophytum or “Devil’s 
claw” is a case in point; this is greatly sought-after 
by pharmaceutical laboratories to treat rheumatism. 
This plant is particularly under threat: it only grows in 
the Kalahari Desert (Namibia) and, with 600 tonnes 
exported every year, extinction is more than likely.
The natural occurrence of (−)-alpha-bisabolol  
(Figure 3) is mainly from candeia plant (Ereman-
thus erythropappus (DC) MacLeish) which grows 

in the Atlantic Brazilian rainforest, in the south of 
Minas Gerias State, a plant in precarious ecolog-
ical situation. The sustainable supply of candeia 
oil is seriously under threat. Symrise, Revlon and 
Rossman are amongst the 187 companies to have 
launched cosmetic products containing alpha-bis-
abolol in the last two decades, a sesquiterpene 
with marked anti-inflammatory, antibacterial and 
antifungal properties. In a move to integrate sus-
tainability into its corporate social responsibility 

Figure 1. Green extraction of docetaxel.

Figure 2. (−)-alpha-bisabolol (left) 

and artemisinin (right).
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strategy, Symrise recently decided to stop harvesting 
natural bisabolol from the candeia tree. Other spe-
cies, such as sandalwood and rosewood, are also  
over-exploited and could become extinct. When 
adopting a policy of green extraction, the relevant 
choice is to use only cultivated plants and not plants 
taken from their natural habitat; only controlled crops 
can contribute to conserving biodiversity. A big effort 
is running in the natural selection of varieties with 
much higher concentrations of active ingredients.
A topical example is the production of artemisinin, 
an anti-malarial substance isolated from annual 
wormwood, Artemisia annua L., originating from 
Asia. The active principle of this plant, a sesquiter-
pene lactone with a peroxide bridge, is present in 
the aerial parts of the plants at a concentration in 
the order of 0.01 to 0.05% (Figure 2). Extracting this 
active substance turns out to be hardly cost effec-
tive because of the low concentrations in the plant. 

Much experimental work has been done to produce 
varieties of Artemisia annua L. with concentrations 
of artemisinin greater than 1%.
A new technology “plant milking” has been devel-
oped for the production and extraction of substances 
of interest without destroying the plant. Plants are 
grown in a greenhouse in a liquid medium and the 
secretion and exuding of the substances through the 
roots in the culture medium are triggered by physical, 
chemical or biological stimulation. The substances 
are then collected by standard extraction and puri-
fication methods. This process is more directed to 
the production of active principles from rare plants, 
whose chemical synthesis is difficult and costly (Fig-
ure 4). “Plant milking” is thus a route to production 
that respects biodiversity. This process has enabled 
the production of, among others, tropane alkaloids 
of pharmaceutical interest from Datura innoxia. In 
this case, harvesting yields of three times more sec-

Figure 4. plant milking technology. (PAT plant milking©. Photograph: Philippe Psaïla).

ondary metabolites in one year than extraction from  
field-grown plants with an equal surface area have 
been obtained. 
Good results have also been obtained with garden 
rue (Ruta graveolens), which contains furocouma-
rins, substances used to treat eczema and psoriasis, 
and with edelweiss, rich in antioxidants. In the case 
of the yew, this novel harvesting method, “plant 
milking”, yields much larger quantities of paclitaxel 
than traditional harvesting methods. If we could 
manage to use this technique on a large scale, a few 
hundred greenhouses would be sufficient to satisfy 
world demand for paclitaxel for one year [1-2].

3.2. principle 2: Use of alternative solvents 
and principally Water or agro-solvents  
issued from agricultural resources
Current regulations have a progressive direct 
impact in diminishing the consumption of petro-
chemical solvents and Volatile Organic Compounds 
(VOCs). Manufacturers that use organic solvents 
have to show the absence of risk during extraction 
and to demonstrate the safety of ingredients as 
regards to solvent traces. Most organic solvents 
are flammable, volatile, and often toxic and are 
responsible for environmental pollution and the 
greenhouse effect. Safety, environmental and 
economical aspects are forcing industry to turn to 
greener solvents.
Among green solvents, the agro- or bio-solvents 
play an important role for the replacement of petro-
chemical solvents. They are a renewable resource 
produced from biomasses such as wood, starch, 
vegetable oils or fruits. These bio-solvents have a 
high solvent power, are biodegradable, non-toxic 
and non-flammable. Their limitations and draw-
backs are due to cost, high viscosity, high boiling 
point and generation of off-flavours.
Ethanol is the most common bio-solvent, obtained 
by the fermentation of sugar-rich materials such as 

sugar beet and cereals. Although it is flammable 
and potentially explosive, ethanol is used on a large 
scale because it is easily available in high purity, it 
has a low price and it is completely biodegradable. 
In this category of agro- or bio-solvents, we can also 
find terpenes extracted from pine (α-pinene) or cit-
rus fruit (d-limonene). Because of their low polarity 
and their very high solvent power, d-limonene can be 
used for the extraction of fat and oils [3].
Methyl esters of fatty acids of vegetable oil (soya, 
cocoa and rapeseed) can also replace petrochem-
ical solvents. Besides being biodegradable and 
non-toxic, methyl esters of fatty acids do not emit 
VOCs (volatile organic compounds), they have 
technical performances comparable with those of 
petrochemical solvents.
Glycerol, a by-product from the trans-esterification 
of vegetable oils, is very common in the cosmetic 
industry as a solvent for maceration of herbs and 
spices. Ionic liquids are already applied in green 
extraction of natural products for their solvent 
power, high chemical and thermal stability, and as 
a non-flammable and non-VOC solvent. For exam-
ple, in the case of extraction of artemisinin, by us-
ing ionic liquids, pure compound is obtained after 
simple precipitation [4].
The polar nature of water also makes it possible for 
use as an extraction solvent in the field of natural 
water-soluble products such as proteins, sugars 
and organic acids, as well as for inorganic sub-
stances. Pressurised hot water extraction (PHWE) 
or sub-critical water is one of the most promising 
modern green extraction techniques and methods 
especially in a dynamic mode. Its outstanding 
feature is the easy manipulation of the dielectric 
constant (ε

r) of water, that can be made to vary 
over a wide range just by changing the tempera-
ture and pressure. Thus, at ambient temperature 
and pressure, water has a dielectric constant of 
ca. 80, which makes it an extremely polar solvent. 
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This value can be drastically lowered by raising 
the temperature under moderate pressure. For in-
stance, subcritical water at 250 °C and a pressure 
just over 4 MPa has a εr value of 27, which is close 
to ethanol, and is suitable for extraction of low-po-
larity compounds [5].
A recent green innovation in water extraction en-
tails the use of cyclodextrins in solution for their 
ability to form inclusion complexes between bio-
active compounds and their peculiar hydrophobic 
cavity. The ultrasound-assisted extraction of res-
veratrol and other polyphenols from the milled 
roots of Polygonum cuspidatum has been efficient-
ly carried out in a water solution of β-cyclodextrin 
(1.5%). The selective inclusion properties of cyclo-
dextrins toward phenolic stilbenes gave a much 
cleaner analytical extract profile if compared with 
that obtained with methanol. Thanks to polyphenol 

encapsulation, this extract showed excellent wa-
ter dispersibility, higher stability and antioxidant 
power [6].
Extraction with supercritical CO2 has been devel-
oped since the 1970s and has now reached a mature 
stage. Using this technique, pure perfumes, fragranc-
es and active ingredients can be obtained with no 
traces of solvent. CO2 is a non-flammable odourless 
gas produced during the burning of fossil fuels, by 
alcoholic fermentation and also through human and 
animal respiration. The technique of extraction with 
supercritical CO2 uses compressed gas at a pres-
sure of up to 300 MPa at a moderate temperature  
(30-40 °C), to replace organic solvents such as 
hexane. Supercritical CO2 extraction is being ap-
plied in several sectors such as food, cosmetics and 
pharmaceutical industry. It is used for weakly polar 
compounds of low molecular weight such as carot-
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table 1. alternative solvents for Green extraction.

enoids, triglycerides, fatty acids, aromas, etc. The 
main drawbacks remain its high initial investment 
and difficulties to perform continuous extractions [7]. 
A new microwave solvent-free extraction tech-
nique called Microwave Hydrodiffusion and Grav-
ity (MHG) has been used for extraction of essen-
tial oils, colours and antioxidants. It is an original 
“upside down” microwave alembic combining mi-
crowave heating and earth gravity at atmospheric 
pressure. Based on a relatively simple principle, 
this method also involves placing the plant ma-
terial in a microwave reactor, without adding any 
solvent or water. The internal heating of the in situ 
water within the plant material distends the plant 
cells and leads to the rupture of glands and oleifer-
ous receptacles. The heating action of microwaves 
thus frees essential oil and in situ water which are 
transferred from the inside to the outside of the 
plant material, and drop by gravity out of the micro-
wave reactor [8]. Table 1 summarizes alternative 
solvents for Green extraction.

3.3. principle 3: reduce energy Consumption 
by energy recovery and Using innovative 
technologies
Extraction is particularly affected by environmen-
tal and economical factors that require a massive 
reduction of energy consumption and wastes pro-
duced. There are four routes to minimise energy 
consumption: optimising existing processes, re-
covery the energy liberated during the extraction 
process, assisting existing processes with intensi-
fication, and a full process innovation.
Hydrodistillation is an ancient technique for ex-
traction of essential oils. It is used worldwide for its 
simplicity but requires high energy consumption for 
heating and cooling. When the process is carried out 
under moderate pressure, distillation time is reduced 
by a factor of 2 or 3, with a reduced consumption of 
steam and hence reduced energy consumption. Some 

aromatic plants such as sandalwood, cloves, or the 
rhizomes of vetiver, ginger and iris, need more than 
24 hours with atmospheric distillation but less than  
3 hours with pressure steam-distillation at 0.5 MPa. 
In general, prolonged heating at high temperature 
may reduce the quality of the essential oil by the 
formation of undesired side products.
A reduction of energy consumption can be achieved 
by recuperating the heat liberated during vapour 
condensation. A prototype of eco-evaporator able to 
recover up to 55% of the energy was developed in 
the south of France for steam-distillation of laven-
der. The overall saving in thermal energy was around 
80% with no impact on the product’s quality. 
Ultrasound assisted hydrodistillation can contri-
bute to intensify and to improve the efficiency of 
essential oil extraction and considerably reduce 
extraction time and energy used [9]. Ultrasound 
assisted hydrodistillation has been used for extrac-
ting essential oil of yuzu, a Japanese citrus fruit. 
With this process extraction yield is 44% higher 
than the conventional method.
Once the extraction process has become a limiting 
step for the industrial development, the innovation is 
mandatory, looking for new solvents, new activation 
techniques or new technologies. Several emerging 
techniques applied to extraction are helping to re-
duce the number of stages, the extraction time and 
thus the energy consumption. An example is the use 
of pulsed electric fields, activation by microwaves 
or ultrasound. In setting up extraction operations 
in complex continuous installations, the limitations 
imposed by the type of process can be overcome and 
new products can even be offered. A case in point 
is the twin-screw extruder used for fractionating 
vegetable material, which handles take-up, thermal 
treatment, extraction under mechanical pressure 
and separation. There are also modified pulsed co-
lumns to treat the solid matter and which offer new 
operational ranges [10].
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3.4. principle 4: production of Co-products 
instead of Waste to include the Bio and agro  
refining industry
Besides the extraction products such as the ingre-
dients or the solvent recovery, a wide range of other 
materials are generated during industrial processes: 
by-products, co-products, or waste: 
•	 Waste	 is	any	material	 that	 industry	has	 the	only	

choice to eliminate by waste disposal centre, 
incineration, or landfill.

•	 By-product	 is	 a	 residual	 product	 that	 appears	
during the extraction process. It is unintentional 
and unpredictable. It can be used directly or be 
an ingredient in another production process to 
manufacture another finished product. By-products 
have economic value, for example, oil cakes (rape, 
sunflower, flax), cereal grain (wheat, barley), beet 
pulp, potato fibre and proteins, etc. 

•	 Co-product	is	a	material,	intentional	and	inevitable,	
created during a single manufacturing process and 
at the same time as the main product. The main 
final product and co-product must always meet 
specifications for their characteristics, and each 
may be used directly for a particular application.

The “Bio-refinery” concept is becoming widely accep-
ted as the world’s natural resources are being used 
up and can be considered as a facility that combines 
the biomass conversion process with equipment to 
produce a wide range of bio-based products such as 
biofuels and biomaterials. However, it is still a largely 
unexplored territory and presents many research 
opportunities for the production of high value-added 
compounds from agricultural and forest residues.
This is a new green strategy in the transformation of 
agro-products that yields a range of target products 
from a given biomass, unlike the traditional approach 
which is generally designed to give a single product. 
With this concept the entire plant material is used in 
an integrated approach. Plants are made up of an enor-

mous number of substances that may be refined: each 
constituent of the plant can be extracted and functiona-
lised to produce green fuels, building materials, packa-
ging, maintenance products, beauty creams, etc.
There are many examples of bio-raffinery valorisation 
using extraction of by and co-products. For example, 
rosemary is an aromatic plant well known for its 
antioxidant properties due to polyphenolic compounds 
such as carnosol and rosmarinic and carnosic acids. 
After distillation of the essential oil, the residue can 
be re-processed to extract natural antioxidants, in 
very high demand by the agro food and cosmetics 
industries. The polyphenolic extract of rosemary can 
be used in the meat industry to inhibit oxidation of 
lipids responsible for modifying the aspects (aroma, 
colour) that affect shelf life of the product.
The transformation of oil seeds into food oil gene-
rates a large volume of by-products. Oil cakes, rich in 
proteins, from pressing seeds, are generally used for 
animal feed. The crude oil (generally about 3-10% in 
oil cakes) can be transformed into methyl esters by 
trans-esterification to produce biodiesel.

3.5. principle 5: reduce Unit operations 
through technical innovation and Favour 
safe, robust and Controlled processes
To be competitive industries involved in extraction 
of natural products (perfume, cosmetic, pharmaceu-
tical, food, and bio-fuel) have to combine process in-
tensification with cleaner and safer extraction proto-
cols. Process intensification covers all developments 
of the new equipment, techniques, or procedures 
that bring significant progress in comparison with 
the current production methods. The challenges of 
the industrial development of intensified processes 
are multiple: more compact production units and a 
reduced number of unit operations, energy and raw 
material savings, process safety control, reduction in 
waste and ecological footprint.
Solvent extraction of natural products is not li-

mited to a single unit operation; it is really a chain 
of processes. For example, to extract β-carote-
ne from carrots, the procedure is as follows: (1) 
dry the vegetable matter (apolar solvent such as 
n-hexane could penetrate the matix); (2) grind or 
shred the vegetable matrix (to increase the contact 
area); (3) extract by contacting solvent and matrix;  
(4) separate liquid and solid phases; and (5) evaporate 
the liquid phase containing β-carotene and recycle the 
solvent. And finally, it is often necessary to carry out 
molecular distillation or vacuum drying to eliminate 
residual traces of undesirable solvents according to 
the regulations in force. 
Reducing the number of steps in a process chain 
leads to a reduction in costs and better use of ener-
gy. A single-stage process would appear to be ideal. 
The process of extraction by supercritical fluids has 
the advantage of using a clean solvent and also of 
obtaining an extract by a technology having a mini-
mum number of individual operations. After extrac-
tion, releasing the pressure, CO2 is eliminated and 
recycled, and isolated extract is free of all traces of 
solvent. Extraction by supercritical fluids has always 
suffered from being seen as a more expensive tech-
nology than traditional ones. However, if the whole 
chain of processes is taken into account, and not the 
individual operation itself, we see that this techno-
logy requires few individual operations. Moreover, it 
does not involve the use of toxic solvents and repre-
sents a reduction in the energy used from the extrac-
tion step to the distillation/recycling of the solvent.
An original innovation, in the green extraction of 
natural products, will be the transportability of the 
extraction process. Usually, industries where the 
raw material is transformed are often very far from 
where the plant species are grown and harvested. 
The carbon cost of transporting this raw material to 
the extraction site is by no means negligible. The 
“green” distillation of lavender is an example of a 
“transportable” process. As it is gathered, the plant 

is immediately chopped up in a mobile kettle which 
is mounted directly on a boiler. The fresh lavender is 
distilled on the spot, avoiding transport to the distill-
ery and drying of the lavender. However, this process 
does yield a characteristic olfactory product with 
green aromas. In the “green” distillation process, all 
steps from cutting to distillation are simplified, with 
a consequent reduction in handling while respecting 
essential qualities of the plant [11].
When evaluating the potential environmental im-
pact of an extraction process, the use of resources 
has to be quantified together with the environmental 
emissions associated with the system. In such sys-
tems, the transport of raw material is recognised as 
playing a predominant role; it consumes the highest 
amount of resources and causes the most pollution. 
Consequently, the development of mobile transpor-
table “green extractor” is a way of considerably 
reducing the ecological footprint of the extract/
product. A teaching example is the extraction of 
essential oil from olibanum, more commonly known 
as frankincense. This essential oil is obtained from 
a resin from the bark of a shrub originally from the 
area surrounding the Red Sea, in Somalia and Ara-
bia. To collect the resin, fine incisions are made in 
the bark, and drops of sap appear and dry in large, 
odorous yellow droplets. The resin is sent to Grasse 
(France) where it is processed and transformed into 
essential oil. This resin could be processed on the 
spot with mobile equipment rather than sending it 
abroad (thousands of kilometres). 
We may allude to the novel by Paul Féval and say: 
“Si tu ne viens pas à Grasse, Grasse ira à toi!” (If 
you don’t come to Grasse, Grasse will come to you!).

3.6. principle 6: aim for a non denatured 
and Biodegradable extract without 
Contaminants with “Green” Values
The whole extract (phytocomplex in phyotherapy), 
is a mixture of bio-active compounds and other 



3534

Eco-Extraction TransfrontalièreEco-Extraction Transfrontalière

t r a n s f r o n t a l i è r e [www.eet-alcotra.eu]

éco-
extractionc

t r a n s f r o n t a l i è r e [www.eet-alcotra.eu]

éco-
extractionc

substances that can affect solubility and absorp-
tion. The composition of the extract can therefore 
influence the flavour and bioavailability of alka-
loids, polyphenols, flavonoids, terpenes and mero-
terpenoids, by the presence of natural carriers such 
as saponins, phospholipids, etc. Nevertheless the 
constraints introduced by the regulations often 
require different preparation rules. Regulations on 
essentials oils in cosmetics are relatively succinct, 
whereas in the pharmacy and food industries they 
show more drastic constraints. Pharmaceutical 
specialities based on essential oils must meet the 
definition of plant-based medicine. They must the-
refore comply with the regulations governing these 
medicines, and be registered as a traditional plant-
based medicine. In the food sector, essential oils 
are most often used as food flavourings and fall 
under the regulations of European directives.
To meet the requirements of the market and of the 
regulations, the extract must meet a number of 
quality criteria; contrary to some popular misconcep-

tions, the “natural” state of the extract is no guaran-
tee of its harmlessness to man and the environment. 
In particular, the extracts must be obtained from 
precisely identified raw materials, inspected accord-
ing to defined procedures to guarantee their natural-
ness. They must also have precise physico-chemical 
properties and be properly stored. The geograph-
ical origin and the environmental conditions under 
which the raw material was obtained (whether non 
authorised pesticides were used, for example) are 
also parameters to be taken into account. And lastly, 
the extract should be free of all pollutants such as 
pesticide residues, heavy metals, mycotoxins, etc. 
Life cycle analysis (LCA) is based on the concept of 
sustainable development, providing an effective and 
systematic means of assessing the environmental 
impacts of a product, a service or a process (Figure 
5). This assessment tool is applied to various catego-
ries of environmental impact. It enables the quantifi-
cation of potential impacts on the environment of a 
system that includes all of the activities associated 

Figure 5. Life Cycle analysis of extraction of naturals products.

with a product or a service, from the extraction of 
the raw materials up to the end of life processing 
(waste disposal centre, incineration, recycling, etc.), 
including the distribution and use. This method con-
sists of listing the consumptions of natural resourc-
es, energy and environmental emissions (water, air 
and soil). The flows of matter entering and leaving at 
each step of the life cycle are inventoried (life cycle 
inventory, LCI). This inventory of base flows shows 
the quantities of polluting substances emitted and 
the resources extracted during the life cycle. From 
the results gathered, the environmental impacts are 
assessed by calculating the contribution of each 
of the flows to the various environmental impacts 
studied. The most common impacts taken in these 
studies are the greenhouse effect, eutrophication, 
acidification, ozone layer destruction, ecotoxicity, 
photochemical pollution, human health, the exhaust-
ing of natural resources, etc. The results of an LCA 
are expressed in the form of a set of figures showing 
both the potential impacts (of the type “X kg of CO2 
equivalents for the greenhouse effect”, “Y kg of H+ 
equivalents for acidification” and so on) and physi-
cal flows (“Z MJ of non-renewable energy”, “W kg 
of ordinary waste”, etc.). To quantify the effect of 
“green extract” on sustainability, it is better to look 
at the life cycle analysis, not of the product alone, 
or of the isolated extraction process as an individual 
unit operation, but of the whole supply chain, includ-
ing the production of the plant and its harvesting and 
the recycling of the by-products and biodegradability 
of the products obtained [12].

4. ConCLUsions

Extraction, according to the six principles of green 
extraction of natural products, is a new concept to 
meet the challenges of the 21st century, to protect 
both the environment and consumers, and in the 
meantime enhance competition of industries to be 
more ecologic, economic and innovative. Within 
this green extraction approach, the concept of the 
green extract is introduced – an extract obtained 
in such a way to have the lowest possible im-
pact on the environment (less energy and solvent 
consumption, etc.), and whose eventual recycling 
would have been planned for (co-products, biode-
gradability, etc.). This green extract should be the 
result of a whole chain of values in both senses of 
the term: economic and responsible, starting from 
the production and harvesting of the plant, the 
transformation processes of extraction and separa-
tion together with formulation and marketing. This 
“green extract” could be identifiable in the future 
by a European or International Label or Standard.
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Solvent-free microwave extraction 
of bioactive compounds provides a tool 
for green analytical chemistry
Ying Li, Anne Sylvie Fabiano-Tixier, Maryline Abert Vian, Farid Chemat*
Université d’Avignon et des Pays de Vaucluse, INRA, UMR 408, F-84000 Avignon, France

We present anoverview onsolvent-free microwave-extraction techniques of bioactive 
compounds from natural products. this new technique is based on the concept of 
green analytical chemistry. it has proved to be analternative too ther techniques with 
the advantages of reducing extraction times,energy consumption,solvent use 
and Co2 emissions. © 2013 Elsevier Ltd. All rights reserved.

Keywords: Bioactive compound - CO2 emission - Energy consumption - Extraction time - Green analytical chemistry 
(GAC) - Microwave hydro-diffusion and gravity (MHG) - Natural product - Sample preparation - Solvent-free 
microwave extraction (SFME) - Solvent use

1. introdUCtion

Mostly, analytical samples can be further detect-
ed or determined after extraction from the solid 
matrices, which are complex mixtures of sugars, 
proteins, lipids, vitamins, fibers, and pigments, aro-
mas, antioxidants, and other organic and mineral 
compounds. However, such samples are generally 
unsuitable for direct analysis due to their complex-
ity and they necessitate the introduction of ap-
propriate sample-preparation methods before the 
analysis step. The main problem of conventional 
sample-preparation methods arises from loss or 
contamination of the target compounds that are 
thermally sensitive and vulnerable to chemical 
changes. Moreover, low efficiency, large solvent 
consumption, more waste and cost, time-consum-
ing and energy-consuming procedures may also 
be encountered throughout sample preparation. 
These shortcomings have led to consideration of 
innovative techniques in green analytical chem-
istry (GAC) [1-3], which typically use less solvent 

and energy, such as ultrasound-assisted extraction 
[4-6], supercritical-fluid extraction [7], instant 
controlled pressure-drop process [8,9], accelerat-
ed solvent extraction [10] and sub-critical water 
extraction [11]. Solid sample preparation under 
extreme or non-classical conditions has been and 
continues to be a dynamic, developing area in 
different analytical fields (e.g., environmental and 
agricultural sectors, and the cosmetics, food and 
pharmaceutical industries).
Microwave is a non-contact heat source, which 
can not only make heating more effective and se-
lective, but also help to accelerate energy transfer, 
start-up and response to heating control and to 
reduce thermal gradient, equipment size and op-
eration units [12]. Microwave-assisted extraction 
(MAE) is a key, sustainable technology in achiev-
ing the objectives of GAC. It has been rapidly 
developed as one of the hot-spot techniques for 
isolating interesting high added-value compounds 
from solid samples. With the help of microwaves, 
extraction or distillation can now be completed in 
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minutes instead of hours with various advantages 
(e.g., high reproducibility, less solvent and ener-
gy consumption, more compact procedures, and 
greater purity of the final product). Several classes 
of compounds (e.g., essential oils, antioxidants, 
pigments, aromas, and other organic compounds) 
have been separated efficiently from raw materi-
als, particularly natural-plant resources.
Due to the growing concern for the impact of pe-
troleum-based solvents on the environment and 
the human body, a greener technique, namely sol-
vent-free microwave extraction (SFME), was devel-
oped in recent times with considerable success in 
line with the same principles as MAE. The obvious 
benefits of using SFME are reduction of pollution 
and handling costs, as the result of the simplified 
manipulation procedure, easy clean-up and labor 
saving. These would be especially important con-
siderations in both laboratory and industry.
This article gives an overview of current knowl-
edge on SFME of bioactive compounds from natu-
ral products. We discuss the necessary theoretical 
background, the main up-to-date devices, their 
mechanisms, parameters, applications, and safe-
ty and environmental considerations on sample 
preparation before natural-product analysis.

2. meChanism and parameters oF sFme

For SFME, in-situ water in plant cells is stimu-
lated to rotate under microwave irradiation, so 
immediate internal change results in a subsequent 
pressure increase inside plant cells, which leads 
to break down of cell walls and release of target 
molecules (Fig. 1).
SFME allows mass and heat transfer from inside 
the plant cell to the outside, while these two 
transport phenomena are in the opposite direction 
in conventional separations. This significant dif-
ference makes the temperature increase in much 

shorter time due to the volumetric heating effect, 
depending on the microwave power and the dielec-
tric loss factor of the material being irradiated. In 
order to understand the phenomena of microwave 
extraction well, scanning-electron microscopy 
(SEM) was used to observe the behavior of plant 
cells (Fig. 2). Moreover, the physical changes in the 
plant tissues distinguishable between SFME and 
conventional methods have been demonstrated by 
more SEM studies [13,14]. The cell and cell walls 
of plants are strongly disrupted to different de-
grees after SFME at 100°C. However, the plant tis-
sues subjected to hydrodistillation (HD) appeared 
very similar to untreated materials. This indicates 
that the mechanical strain induced by the rapid de-
compression and the violent vaporization of water 
have two main effects:
(1)  the dehydrating effect due to vaporization; 

and,
(2)  a subsequent change in the surface tension 

of the glandular wall, causing it to crumble or 
rupture more readily.

Similar effects were also found in the tissue of oth-
er plants treated by microwave steam distillation 
(MSD) and microwave steam diffusion (MSDf) [15-
17]. The pronounced damage in all plant tissues 
and a homogenous cell wall alternation were re-
vealed in all these SFME cases, which also result-
ed in more extracts released more rapidly than in 
conventional extraction.
Water content of the natural plant materials, 
microwave power and extraction time are also 
influencing parameters for yield of bioactive com-
pounds. Since water is an excellent absorber of the 
microwave energy, the water content of sample 
under a microwave treatment plays an important 
role in SFME separation. This strong absorption 
provides the temperature increase inside the sam-
ple, which leads to the expansion and the rupture 
of the cells by the in-situ water.

The required microwave input power is directly re-
lated to sample size and weight. The power must 
be sufficient to reach the boiling point of the water 
(100°C), which fixes the extraction temperature. 
However, the power should not be too high, oth-
erwise loss of volatile compounds and degradation 
of bioactive compounds would occur. Extraction 
time is also a major factor directly affecting the 
yield of extracts using SFME. The yield increases 
almost linearly as time increases. Considering 

the maximization of the extraction yield without 
damaging the quality of extracts, the water con-
tent, microwave power and extraction time, and 
other potential operating parameters, are usually 
optimized by response-surface methodology (RSM) 
before start-up [14,17]. Generally, the efficiency 
of SFME, in terms of yield and composition of the 
extracts, can be optimally performed by increasing 
the operating factors. The optimal values corre-
sponding practically to the experimental results in 

Figure 2. the structure of lavender flowers observed by sem: (a) before extraction; (b) after microwave 

extraction; and, (c) after conventional extraction.

Figure 1. mechanism of solvent-free microwave extraction (sFme).
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natural product analysis have proved SFME itself 
to be economically and environmentally viable.
In addition, the boiling point of bioactive compounds 
is not the determining factor for yield and composi-
tion of extracts during SFME because hydrocarbons 
and oxygenated compounds present in the essential 
oil have been distilled at the same temperature 
(100°C) no matter what their own boiling points [18-
23]. Besides, better knowledge of the solubility and 
the polarity of compounds inside natural plants is a 
more direct way to understand the composition of 
the extracts from SFME methods. The compounds 
extracted depend on their solubility in water rather 
than the order of their boiling points. It would also be 
reasonable to believe that the more polar the com-
pounds, the more readily the microwave irradiation 
is absorbed, the better the interaction between the 
electromagnetic wave and matter is established, 
and the higher the more polar aromatic component 
contents are obtained.

3. teChniQUes and instrUments

It has been proved that solvent-free reactions are 
successfully coupled to microwave-assisted organ-

ic synthesis, as reactions can proceed safely under 
atmospheric pressure in the presence of significant 
amounts of product [24]. SFME has been conceived 
according to the concepts of solvent-free micro-
wave synthesis. When combined with microwave 
radiation, solvent-free techniques have performed 
as economic, eco-friendly procedures with special 
efficiency. Major improvements and simplifications 
over conventional methods originate from their ra-
pidity, enhancement of their yields and high-quality 
products. SFME extends from analytical scale to 
industrial applications for laboratory or commercial 
purposes.

3.1. SFME
The first SFME technique for extracting natural 
products was developed by Chemat et al. in 2004 
[25,26]. Based on a relatively simple principle, this 
method involved placing vegetable material in a 
microwave reactor without addition of any solvent 
or water. Fig. 3 shows this SFME apparatus. The 
internal heating of the in-situ water within the 
plant material distends the plant cells and leads to 
rupture of the glands and oleiferous receptacles. 
Thus, this process releases essential oils contain-

Figure 3. solvent-free microwave extraction (sFme).

ing bioactive compounds, which are evaporated by 
the in-situ water of the plant material. A cooling 
system outside the microwave oven allows the 
continuous condensation of the distillate, which 
comprises water and essential oils. The excessive 
water is refluxed to the reactor in order to maintain 
the proper humidity rate of the plant materials.
All the laboratory-scale experiments can be con-
ducted at atmospheric pressure without solvent 
or added water. The operating parameters, which 
need to be optimized, can be easily controlled. The 
essential oils are finally collected, dried with anhy-
drous sodium sulfate and stored at low tempera-
ture for further analysis by gas chromatography 
coupled with mass spectrometry (GCMS) or other 
analytical methods.

3.1.1. Improved SFME (ISFME). ISFME was pro-
posed by Wang et al. in 2006 [27]. The method de-
pends on the use of SFME, in which microwave-ab-
sorption medium (MAM) (e.g., carbonyl iron pow-
ders) are added and mixed with dry matrix at the 
bottom of the reactor. The spherical particles of 
MAM are able to absorb part of the emitted micro-
wave energy and store it as heat. Thus, the matrix 
can be heated by simple conduction without any 
auxiliary energy. Different types of material [e.g., 
graphite powders, activated carbon powders, and 
ionic liquid (1-hexyl-3-methylimidazolium hexafluo-
rophosphate)] can be used as the MAM in ISFME 
systems due to their excellent microwave-absorp-
tion properties and good chemical stability [28,29].

3.1.2. Vacuum microwave hydro distillation 
(VMHD). VMHD was devised by Mompon et al. 
in 1994 [30]. This technique is based on selective 
heating by microwaves combined with sequential 
application of vacuum. The plant materials are 
placed in a microwave cavity with water to refresh 
the dry material. The plant materials are after-

wards exposed to microwave radiation in order to 
release the natural extract. Reducing the pressure 
to 100-200 mbar enables evaporation of the azeo-
tropic watervolatile oil mixture from the biological 
matrix. The procedure is repeated in a stepwise 
way, so that all the volatile oil from the plant can 
be extracted [30,31].
VMHD provides yields comparable to those ob-
tained by traditional HD. However, the extraction 
time is only one-tenth of that required in HD. The 
thermally-sensitive crude extracts seem to be pre-
served with VHMD in contrast to conventional meth-
ods. Moreover, VMHD is suggested for extracting 
high-quality natural products at a large scale [32,33].

3.1.3. Microwave steam distillation (MSD). MSD 
has been designed and developed for isolation of 
essential oils from natural-plant materials prior 
to component analysis [15,16]. The MSD system 
involves an electrical steam generator and a con-
denser placed outside the microwave oven, which is 
connected to a cartridge containing natural-product 
matrices via Pyrex connecting tubes. The condens-
er is connected to a receiving Florentine vase, with 
preferably a separating funnel for continuous col-
lection of condensate essential oil and water. This 
system presents the advantage that the cartridge 
containing plant materials can be easily and quickly 
replaced and cleaned after each cycle of extraction.
The microwave heating and vapor passing through 
the raw plant materials in the cartridge distend the 
plant cells and lead to the rupture of the glands and 
cell receptacles. The steam evaporates and carries 
the bioactive compounds directly to the condenser 
and the Florentine flask. The extraction proceeds 
continuously until no more extract is obtained. The 
extract is then collected, dried and stored at low 
temperature before further analysis.
The experimental results in the laboratory have 
proved the effectiveness of MSD, which showed 
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substantial benefits over conventional SD. MSD 
also shows potential to be an advantageous al-
ternative in the analysis or production of bioactive 
compounds in the food, cosmetics and pharmaceu-
tical industries.

3.1.4. Microwave steam diffusion (MSDf). MSDf 
was developed for extraction of essential oils from 
byproducts of natural materials [17]. In a typical 
MSDf procedure at atmospheric pressure, the nat-
ural raw materials that form the packed bed are 
piled in a cylindrical Pyrex reactor. The saturated 
steam produced by an electrical steam generator, 
passes through the packed bed whilst the mixture 
is continuously heated in a microwave oven. The 
coupling of microwaves to saturated steam is con-
ducive to the release of bioactive compounds in-
side the plant-cell tissues. The extracts thus move 
naturally downwards by gravity to a spiral con-
denser outside the microwave cavity. After that, 
the extracts are collected, dried and finally stored 
at low temperature until analysis. The MSDf pro-
cess has proved a better extraction method than 
conventional SD with important benefits.

3.1.5. Pressurized SFME (PSFME). PSFME was 
proposed and optimized by Michel et al. in 2011 
[34]. This innovative technology involves extraction 
under pressure without addition of any solvents, 
where microwave energy is absorbed as the heat-
ing source of the solvent-matrix mixed solution by 
internal water of plant materials.
On the basis of the relatively simple SFME princi-
ple, vegetable materials are then placed inside a 
closed vessel without adding any solvent or wa-
ter and then subjected to microwave irradiation, 
which allows microwaves to penetrate plant ma-
trices and to interact with polar molecules (e.g., 
water). The in-situ polar water of fresh plant ma-
terials heats immediately above its boiling point, 
resulting in an internal heating of plant materials 
that consequently causes a rapid increase of the 
pressure inside the plant-cell tissues. This pres-
sure rise leads to disruption of the cell walls and 
release of solutes afterwards. Moreover, repeated 
heating leads to complete release of water with 
target compounds outside the plant matrices. Plant 
tissues are destroyed and appeared completely 
dehydrated at the end of the extraction procedure. 

Figure 4. pressurized solvent-free microwave 

extraction (psFme).

Figure 5. microwave hydro-diffusion and gravity 

(mhG).

In addition, the polarity and the viscosity of water 
are lower at high temperature (around 180°C) un-
der pressure (closed vessel). This pressurized con-
dition makes water dissolve and carry less polar 
compounds [e.g., flavonol aglycones (non-soluble 
in water at atmospheric pressure and at room tem-
perature)] out of the plant matrices. Extracts are 
finally collected and can be directly used for analy-
sis without a complementary evaporation step. We 
need to mention that PSFME strongly depends on 
the moisture of plant materials, so it needs fresh 
plant materials with sufficient humidity (average 
moisture 70-80%) [20,35,36].
Fig. 4 shows PSFME apparatus. Microwave power 
and irradiation time were controlled during ex-
traction. A fiber optic inserted directly into the ves-
sel and an infrared external sensor were applied 
to monitor and control temperature inside and 
outside the reactor, respectively. A 50-mL reactor 
vessel suitable for microwaves was used as the 
container for plant materials with no pretreatment, 
and a stir bar, unable to absorb microwaves, was 
also introduced. All extracts collected were filtered 
and diluted for further analysis, depending on the 
experiments. Before another extraction cycle, the 
heated vessel was cooled in ice to attain a tem-
perature of 20-25°C before the next cycle.
The parameters that may affect the extraction 
and have to be optimized are: time of microwave 
irradiation (10-50 s), microwave irradiation pow-
er (200-1000 W) and number of extraction cycles 
(1-5 cycles). The impact of each factor has been 
methodologically and experimentally studied. The 
vessel cooling time between each cycle is quite 
long (several minutes) and that increases the to-
tal extraction time. Irradiation time should be ap-
propriately adjusted in line with the increase of 
temperature and pressure inside the reactor. High 
temperature (up to 180°C) and pressure inside the 
reactor simultaneously increased at the end of a 

50-s extraction cycle with a 1-kW irradiation pow-
er. Because higher temperature or overpressure 
inside the reactor gives rise to the opening of the 
vessel-safety membrane – and consequently to the 
degradation or loss of material – the irradiation 
time is limited to 50 s in order to prevent this phe-
nomenon. The number of cycles is a less influential 
factor – without significant interaction with other 
factors – but it is the most limiting factor for de-
veloping a rapid extraction method. The number of 
extraction cycles was limited to maximum of cycles 
so that a reasonable total extraction time could be 
obtained. The PSFME technique was optimized and 
applied to extraction of polyphenolic compounds 
from natural plants.

3.2. Microwave hydro-diffusion and gravity 
(MHG) 
MHG is a new, green extraction technique designed 
by Chemat et al. in 2008 [35]. This extraction tech-
nique is an original ‘‘upside down’’ alembic combin-
ing microwave heating and gravity at atmospheric 
pressure. MHG was conceived for laboratory and 
industrial-scale applications in the extraction of pig-
ments, aroma components, and antioxidants from 
different kind of plants.
Based on a simple principle, this technique consists 
of placing plant material inside a microwave reactor, 
without adding any solvent or water. The heating of 
the internal water within the plant material allows 
the destruction of plant cells containing bioactive 
components. All the possible extracts, including 
the internal water of the plant, will be released and 
transferred from the inside to the outside of the 
plant material. This is the physical hydro-diffusion 
phenomenon, which allows the extracts to drop out 
of the microwave reactor under gravity into a cool-
ing system outside the microwave oven through the 
perforated Pyrex disc, where the extracts are contin-
uously condensed. The crude extracts are collected 
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in a receiving flask for further analysis (Fig. 5).
The MHG system was later modified by introducing 
vacuum that is created in the system by a pump. The 
vacuum pump is fitted between the condenser and 
the flask that is used to collect natural-plant extracts. 
The crude extracts are collected and freeze-dried 
before further analysis [37]. It is important to note 
that this method allows extraction of bioactive com-
ponents without distillation and evaporation, which 
are the most energy-consuming processes. MHG is 
not modified MAE, which uses organic solvents, nor 
SFME, which evaporates the bioactive extracts with 
the in-situ water, or modified HD, which uses a large 
quantity of water in consuming energy.

3.2.1. Microwave dry-diffusion and gravity (MDG). It 
is certain that processes related to MHG and MSD 
offer several remarkable benefits, especially through 
speed and energy savings. However, both these sys-
tems needed the presence of water (e.g., in-situ wa-
ter for MHG and steam for MSD and MSDf). It was 
therefore interesting to develop MDG, which was 
inspired by these methods, for extraction from dried 
plant materials in the absence of water or solvent. 

MDG has nearly the same mechanism as described 
above, including experimental set-up and condition 
parameters. The highlight is the direct interaction of 
microwaves with dried plant material. The extracts 
were collected, dried and stored at low temperature 
until analyzed. MDG is an attractive novel extraction 
technology for its high efficiency, completed in min-
utes without any solvent or water, along with its 
additional advantages (e.g., higher purity of the final 
product, simplified manipulation procedures, and no 
need for post-treatment of wastewater) [38].

4. appLiCation oF sFme  
in natUraL-prodUCts anaLysis

SFME, which proved to be significantly faster, has 
been sprung up and developed into an alternative 
laboratoryscale sample-preparation method for nat-
ural-products analysis in recent years. One typical 
example showed that the SFME technique could re-
markably reduce 3-h extraction time to only 15 min 
but achieve similar yields to those obtained by con-
ventional methods (Fig. 6). The following sub-sections 
elaborate the application of SFME to flavors and fra-

Figure 6. yields as a function of time for extractions of essential oil from rosemary 

leaves by microwave hydro-diffusion and gravity (mhG) (d) and hydro-distillation (s).

grances, antioxidants, natural food colors, presenting 
the types of sample and analyte extracted in each 
case and some features of the methods. We comment 
on the different applications of each device.

4.1. Flavors and fragrances
The chemicals responsible for the natural flavor or 
fragrance are organoleptic compounds that are pres-
ent at various concentration levels in certain parts of 
plants (e.g., leaves, flowers, root, or peel). Recovery 
of flavor and fragrances from their sources is crucial 
due to their short life span. Conventional methods 
for extracting flavor and fragrances are less useful, 
due to their drawbacks (e.g., low yields and by-prod-
uct formation because of the low stability of target 
compounds). Besides, the analysis of numerous bio-

active constituents is limited [39]. For conventional 
SD and HD methods, the aromas evaporate with 
the steam, which percolates through the flask con-
taining the aromatic plants. However, elevated tem-
perature and prolonged extraction time can cause 
chemical modifications of aromatic components and 
often loss of the most volatile molecules.
The use of SFME prior to analysis has attracted grow-
ing interest in recent years because of its noteworthy 
benefits. Moreover, it can help obtain high-quality ex-
tracts from different natural aromatic plant materials, 
which can be directly analyzed by chromatographic 
and spectrometric methods without any preliminary 
cleanup, solvent-exchange or centrifugation steps.
As summarized in Table 1, flavors and fragrances are 
often extracted with essential oils according to the 

table 1. applications of solvent-free microwave extraction (sFme) to analysis of bioactive compounds

(continued on next page)

material technique analysis highlighted analytical results ref

Orange peel SFME GC-MS, GC-FID, SEM Higher yield of limonene (76.7%) and  [13]
   oxygenated compounds (11.7%). 
Cardamoms seeds SFME GC-MS, SEM Higher amounts of oxygenated compounds,  [14]
   such as 1,8-cinol and a-terpinyl acetate.

Lavender flowers MSD GC-FID, GC-MS, SEM Similar composition obtained in very short time. [15]

Orange by-product MSD GC-FID, GC-MS, cytology Better sensory properties than the steam distilled [16]
   essential oil.

Orange peel MSDf GC-FID, GC-MS, Higher yield of essential oil obtained in [17]
  cytohistology shorter time. 

Lavender flowers SFME GC-MS Similar composition and yield obtained in  [18]
   shorter time. 
Aerial parts of Origanum SFME GC-FID, GC-MS,  Higher yield of oxygenated compounds [19]
plant  antimicrobial screening (87.4%) i.e. thymol (81.1%); stronger antimicrobial
   activity against fungi than bacteria.

Aromatic herbs SFME  GC-MS All three herb extracts (basil, garden mint [20]
   and thyme) were richer in oxygenated compounds 
   (82.2%, 77.6%, 67.1%).

Orange peels SFME GC, GC-MS, proton NMR Linalool as the main oxygenated components  [21]
   was extracted higher than traditional methods.

Rosmarinus officinalis L. SFME GC-MS, antimicrobial Higher yield of oxygenated monoterpenes, such as [22]
  activity testing verbenone (23.79%). 
   More activity against E. coli and S. aureus.

Oregano SFME GC-FID, GC-MS The concentration of monoterpene hydrocarbons [23]
     decreased while that of sesquiterpenes increased 
     with extraction time; no significant difference was 
     found between different extraction methods for each 
     physical property.



material technique analysis highlighted analytical results ref

O. glandulosum Desf. SFME Capillary GC, GC-MS,  Similar composition obtained among different methods;  [19]
  antimicrobial screening Higher yield of thymol and oxygenated compounds 
   in SFME extracts, which exerted more activity 
   against fungi than bacteria.

Cuminum cyminum L. and ISFME GC-MS Extraction without any pretreatment; Higher yield [27]
Zanthoxylum bungeanum   obtained for different compounds when extraction
Maxim.   time and water content were appropriate.

Illicium verum Hook. f. and ISFME GC-MS Oxygenated compounds were the primary [28]
Zingiber officinale Rosc.   components of Illicium verum Hook. f. whereas 
   hydrocarbons were the primary components 
   of Zingiber officinale Rosc.

Sea buckthorn PSFME HPLC, DPPH PSFME obtained the most active and richest extract [34]
(Hippophaë rhamnoides L.)  and reducing in phenolic content including molecules such as
  power test, quercetin and isorhamnetin not extracted with other
   common techniques (pressing, maceration and
   pressurized liquid extraction).

M. spicata L.  MHG GC-FID, GC-MS Higher yield of extracts obtained in shorter time; [35]
and M. pulegium L.   The same number of volatile secondary metabolites 
   was identified in the extracts and similar yields was 
   obtained as that of conventional methods; 
   lower CO2 emission.

Onion (Allium cepa L.) MHG HPLC, Folin-Ciocalteu Shorter extraction time, no solvent or water used,  [36]
  method extraction of onion crude juice retaining fresh 
   organoleptic properties with higher phenolic content 
   (58.29 mg GAE/g DW); Significant yield (81.5%) with 
   41.9% of flavnol content.

Onion by-product VMHG HPLC, UV, Folin-Ciocalteu More moisture extracted and dry contents [37]
  method, Antioxidant tests, yield at reduced temperature; More antioxidants 
  Cytological studies  (total quercetin content) extracted in comparison
   to MHG and CSE; an efficient procedure for extraction
   of heat sensitive plant components. 

Dried caraway seeds MDG GC-MS, SEM Similar composition and yield in shorter time; two [38]
   main monoterpenes (carvone and limonene) with 
   equivalent relative amounts for both methods. 

Rosemary leaves MHG GC-FID, GC-MS, sensory Higher amount of oxygenated compounds; [40]
  analysis, antimicrobial high antimicrobial activities and antioxidant 
  screening activity; no preliminary step before analysis. 

Citrus peels MHG GC-FID, GC-MS, sensory Similar composition and yield obtained in [41]
  analysis shorter time; The same number of volatile 
   secondary metabolites in the extracts isolated 
   by all methods with similar percentages. 

Red, yellow, white and MHG HPLC, Folin-Ciocalteu The highest antioxidant capacity was [42]
grelot onion (Allium cepa)  method, Antioxidant tests, observed for red onion, followed by yellow, 
  Cytological studies white and grelot onion; MHG remained the preferred 
   method for flavonoids extraction in comparison to CSE. 

Sea buckthorn (Hippophaë MHG HPLC, Folin-Ciocalteu Shorter extraction time, no solvent or water [43]
rhamnoides) by-product  method, DPPH test used; MHG extract shows much higher phenolic 
   content with greater antioxidant activity 
   in comparison to CSE. 

Sweet berry SFME HPLC, MS Recovery of 1.0 ± 0.3 mg of cyanidin-3-0-glucoside [44]
   and of 2.0 ± 0.5 mg of cyanidin-3-O-rutinoside from
   200 mg of dried cherries crude extract, which represents
   30 mg and 60 mg respectively for 100 g of fresh fruit. 

results of analysis. The major aromatic compounds 
in the extracted oil depend on the plant species and 
are present so similar amounts to extracted oil from 
conventional methods. GC-MS analysis enables pre-
cise quantification of volatile compounds in aromatic 
plant extracts. In most cases, a substantially bigger 
amount of oxygenated monoterpenes and a smaller 
amount of monoterpene hydrocarbons are present 
in the essential oil isolated by SFME in compari-
son with that extracted with conventional methods 
[13,14]. The essential oils extracted by MSDf, MSD 
or conventional methods are rather similar in their 
composition, and the same numbers of volatile sec-
ondary metabolites are found in the essential oils 
[15-17]. However, the total amount of oxygenated 
compounds in ISFME essential oil extracted from 
Zingiber officinale Rosc. was the smallest [27,28]. In 
addition, the oils obtained by SFME and MHG were 
more active against microorganisms than the oil 
obtained through conventional HD methods [19,40]. 
Essential oil obtained by MHG showed a slightly 
higher antioxidant activity, due to the higher propor-
tion of oxygenated compounds contained in MHG 
essential oil [40]. 

4.2. Antioxidants
There is no doubt that natural-plant antioxidants 
enable rapid scavenging of free radicals, thereby 
slowing or preventing the oxidative process (e.g., lip-
id peroxidation, and accumulation of toxic or off-fla-
vor compounds). It is therefore most desirable to 
know the specific properties of these molecules and 
their concentrations in natural plants. Conventional 
extraction techniques (e.g., maceration, mix-stirring 
or refluxing) require large amounts of solvent, time 
and energy. In addition, they are often carried out 
at high temperature or high pressure, which has a 
negative impact on the general chemical stability of 
potent antioxidants. Hence, careful manipulation of 
light, temperature, pH or other factors is necessary 
to prevent antioxidant-rich extracts from oxidation. 
Development of SFME techniques can help to get 

high-quality extracts, which can be directly ana-
lyzed without any preliminary preparation steps. 
The feasibility of SFME techniques in the analysis 
of antioxidants has been investigated for different 
natural-plant matrices. PSFME obtained extracts en-
riched in phenolic compounds with high antioxidant 
power. Furthermore, it was the only process for ex-
traction of quercetin and isorhamnetin from a small 
amount of water [34]. In addition, according to the 
research of Zill-e-Huma et al., PSFME extracts of the 
flavonol content from onion with direct HPLC analy-
sis presented better results than extracts of conven-
tional methods [41,42], as did HPLC quantification 
of flavonoids extracted by PSFME from by-products 
of onion and sea buckthorn respectively, along with 
evaluating their phenolic contents using the Folin-Ci-
ocalteu method and their reducing power using the 
DPPH (2,2-diphenyl-1-picrylhydrazyl) test [27,43].

4.3. Natural colors
Natural plants dominate as the main sources of 
natural colors, principally because of the occurrence 
of one or more of the color-compound groups [e.g., 
carotenoids (which impart red, orange and yellow), 
anthocyanins (red, purple and blue), chlorophyll 
(green), flavonoids (impart yellow, red, blue and 
purple)]. As far as is known about natural colors, it 
is interesting to find that the majority also display 
antioxidant activity.
As the result of growing market demand and usage, 
most colorants and dyes used currently are artificial 
synthetics, which are suspected of releasing harm-
ful chemicals that have adverse impacts on human 
health and environment. Although natural colors 
are well known for their advantages, they are not 
commercially successful because of some problems 
(e.g., high solvent consumption, lack of efficient ex-
traction methods, lack of consistency and difficulty 
in natural-plant collection and clean-up).
The emergence of SFME techniques can overcome 
the limitations discussed above and help to acquire 
high-quality extracts. Anthocyanins were efficiently 
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extracted from sweet cherries by SFME, and the fol-
lowing purification was achieved by semi-preparative 
liquid chromatography, which provided a considerable 
yield. Moreover, the main anthocyanins in sweet cher-
ries were successfully identified by MS [44].
Zill-e-Huma et al. reported MHG as a novel tech-
nique for extracting flavonoids from onion. The 
plant tissues were strongly disrupted by microwave 
irradiation through the microscopic observation of 
extracts, so that target color compounds could be ef-
ficiently extracted and detected by GC-MS and other 
analysis [41,42]. MHG was also applied to extraction 
of flavonoids from sea buckthorn by-products, pro-
ducing a little lower yield of flavonol in a very short 
time (15 min) in comparison to classic methods but a 
higher content of reducing compounds contained in 
MHG extracts [43].

5. saFety, enerGy and enVironmentaL 
Considerations

SFME is proposed as an efficient extraction technique 
suitable for sample preparation prior to analysis of 
extracts, which avoids the use of large quantities of 
solvent or water and voluminous extraction vessels. 
SFME requires only several minutes heating and less 
than 30-min evaporation of the in-situ water and ex-
tracts from the same material. For the energy require-
ments, SFME needs less than 0.5 kWh for normal 
performance but conventional methods expend more 
than 4.5 kWh. Regarding environmental impact, the 
quantity of carbon dioxide calculated to be rejected 
in the atmosphere is higher in the case of HD (3600 g 
CO2/g of essential oil) than for SFME (200 g CO2/g of 
essential oil). These calculations were based on the 
following assumption: to obtain 1 kWh from coal or 
fuel, 800 g of CO2 will be emitted into the atmosphere 
during combustion of fossil fuel.
The SFME process is simple and can be readily per-
formed with several operating steps. It could be used 

to produce extracts by using existing microwave re-
actors, which are suitable for the extraction of fresh 
plant materials [16]. Moreover, these reactors could 
be easily modified and used for techniques derived 
from SFME. However, the application of microwave 
energy can pose serious hazards to inexperienced 
workers. Specific standards and attention to detail in 
planning and conducting experiments must be strict-
ly obeyed by everyone dealing with microwaves. It 
requires appropriate information from knowledge-
able sources and implementation of SFME tech-
niques with proper guidance. Only approved equip-
ment and scientifically sound procedures should be 
used at all times [45].

6. ConCLUsion and FUtUre trends

SFME techniques have been constantly improved 
directly by putting increasing knowledge directly 
into technical practice to achieve commercial devel-
opment. SFME makes use of physical and chemical 
phenomena that are fundamentally different from 
those applied in conventional extraction techniques. 
These novel processes can produce essential oils in 
concentrate form, free from any residual solvents, 
contaminants, or artifacts.
So far, the role of relevant SFME methods has not 
reached the degree of maturity of conventional 
methods. However, more and more studies on these 
up-to-date techniques have proved the usefulness of 
microwaves in separation technology and their po-
tential for developing scientifically-sound extraction 
procedures, and their advantages concerning yield 
and composition, with better selectivity and quality of 
extracts, and finally being helpful in creating a clean, 
safe environment.
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Grape seeds (Vitis vinifera L.), a type of raw material containing around 20 % (w/w) of lipids 
and 20 % (w/w) of phenolic compounds in dry weight, are the main by-products in wine 
industry. in this work, water and hydroalcoholic mixtures have been first investigated to  
obtain the optimal solvent for further extractions. polyphenols and lipids were then  
extracted by three combined extraction procedures to compare their effectiveness so that 
the optimal procedure was determined. the results showed that the best yield was achieved 
by the in-line combination of maceration before grinding and followed by soxhlet extraction 
using aqueous ethanol (ethanol/water, 80:20 v/v) at 80 °C. © Springer Science+Business Media 
New York 2013
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introdUCtion

In recent years, the growing concern about the 
environment has led wine-making industries to 
look for economically viable solutions for the huge 
amount of generated byproducts such as grape 
pulp, skins, and seeds. Grape seeds, which repre-
sent about 15 % of solid waste in the wine industry, 
contain about 40 % of fibers, 16 % of lipids, 11 % 
of proteins, and 7 % of phenolic compounds (Li et 
al. 2011; Gómez-Alonso et al. 2007; Guendez et al. 
2005; Guerrero et al. 2009). The most abundant 
phenolic compounds in grape seeds are flavonoids, 
including monomeric flavan-3-ols (i.e., catechin, 
epicatechin, gallocatechin, epigallocatechin, and 
epicatechin-3-O-gallate), and a wide variety of pro-
cyanidins (Shi et al. 2003). In addition, grape seeds 
have a high oil content consisting mainly of unsatu-
rated fatty acids (around 85-90 %), which are good 

sources of linoleic (C18:2) and oleic (C18:1) acids 
(Cao and Ito 2003).
Grape seeds can offer benefits to human health by 
reducing incidence of atherosclerosis and coronary 
heart diseases due to their typical fatty acid com-
position and high content of bioactive polyphenols 
(Peschel et al. 2006). As the result of their healthy 
benefit, the recovery and the reuse of grape seeds 
have attracted more attention in current studies. 
Solid-liquid extraction using various solvents is the 
most commonly used technique for the isolation 
of phenolic compounds (Baydar et al. 2004), while 
Soxhlet extraction is classical for lipid extraction. 
Although these individual conventional extraction 
methods can obtain considerable yields, few stud-
ies of their combination were reported. Moreover, 
long extraction time is often required in conventional 
techniques, which may cause high energy consump-
tion, degradation of extracts, etc. Therefore, some 
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innovative and ecofriendly technologies (i.e., super-
critical fluid, microwave, ultrasound pressure liquid, 
etc.) have been proposed to be integrated with the 
individual conventional extractions to overcome this 
limit that may compromise the challenges set by 
economics, society, and the environment (Murga et 
al. 2000; Palma and Taylor 1999; Palma et al. 1999; 
Corrales et al. 2008; Casazza et al. 2010; Ghafoor et 
al. 2009; Pan and Peng 2001).
This study focused on the extraction of total phe-
nolic compounds (TPCs) and lipids from grape 
seeds by three combined procedures in order to 
find out the best process. The effects of two types 
of solvents on the yield of TPCs and major phenolic 
compounds in grape seed extracts were evaluated 
first for the following optimization of extraction 
procedures. In addition, appropriate assistance of 
innovative methods was also carried out to esti-
mate their impact on the extraction effectiveness.

materiaLs and methods

materials
Grape seeds produced from local Vaucluse in 2011 
were supplied by GRAP’SUD (Cruviers-Lacours, 
France).

Chemicals and reagents
Acetonitrile and acetic acid (analytical grade) were 
supplied by VWR International (Darmstadt, Germa-
ny). Standards of gallic acid, catechin, and epicat-
echin were purchased from Extrasynthese (Genay, 
France). The Folin-Ciocalteu reagent used was 
supplied by Panreac Química (Barcelona, Spain); 
sodium carbonate (anhydrous, ≥99.5 %) was pro-
vided by Sigma-Aldrich (Steinheim, Switzerland). 
Ethanol (96 %), toluene, methanol, n-hexane, and 
sodium chloride were all of analytical grade and 
were obtained from VWR International (Fonte-
nay-sous-Bois, France).

moisture determination
Moisture content of grape seeds was determined 
by two methods. The conventional Dean-Stark 
distillation was firstly carried out according to the 
standardized method (ISO 1988). On the other hand, 
the moisture determination was realized using the 
moisture analyzer apparatus Ohaus MB35 (Nänikon, 
Switzerland) on an automatic mode at 160 °C. 
The measured moisture content was 9.7± 0.3 and 
10.4 ± 0.1 %, respectively. Thus, an average of 10 % 
was used for the following calculations.

extraction procedures
Maceration
After grinding in an electrical mill for subsequent 
macerations, 30 g of grape seeds was weighed to 
the nearest 10 mg. The amount was added into 250 
mL of aqueous ethanol (ethanol/water, 80:20 v/v) or 
water, and the mixture was allowed to stand at 80 
°C for 3 h under mechanical stirring. The extracts 
were filtrated through a 0.45-μm pore size filter, 
transferred into small flasks, and then dried for 1 h 
in a desiccator.

Soxhlet Extraction
Lipids were isolated from grape seeds by means 
of the conventional Soxhlet extraction (ISO 1988). 
It was performed using 30 g of electrically ground 
grape seeds weighed to the nearest 10 mg. The 
amount was transferred into a 33×100 cellulose 
thimble, which was plugged with cotton in order to 
avoid transfer of sample particles into the distilla-
tion flask. They were then placed in the extraction 
chamber of a 200-mL Soxhlet apparatus fitted 
with a condenser, which was placed on a 500-mL 
distillation flask containing 300 mL of solvent and 
three boiling glass regulators. Samples were then 
extracted under reflux with nhexane for 4 h (18-22 
cycles/h). Thereafter, the cellulose thimble was 
cooled to room temperature in a desiccator and its 

content was then milled before being loaded again 
in the cellulose cartridge. The described procedure 
was thus repeated for 2 h until a total extraction of 
8 h (4 h+2 h+2 h).
After the extraction, hexane was evaporated in a 
vacuum rotary evaporator. The content of the dis-
tillation flask was then transferred into a smaller 
tarred flask and concentrated to dryness with a 
vacuum rotary evaporator for 1 h at 80 °C before 
cooling again in a desiccator for 1 h. The flask was 
then weighed, and the procedure was repeated for 
30 min until the difference between two consecutive 
weights was less than 10 % (w/w). Extractions were 
performed in triplicate, and the mean values were 
reported before analysis. The yield of extracted oil 
was expressed as a percentage of the weight of oil 
obtained after extraction relative to the weight of 
dry sample used for extraction, as described below:

Oil content (%) = Weight of oil obtained after extraction
 Weightof dry sample

 x 100

Optimization of Extraction Procedures
In order to optimize the extraction procedures of 
lipids and polyphenols from grape seeds, the individ-
ual conventional procedures have been combined in 

three different orders to compare their effectiveness 
in terms of the quantity and quality of lipids and total 
phenolic compounds, which was illustrated in Fig. 1: 
(1) Grinding was applied before Soxhlet extraction 
and followed by maceration, (2) maceration was 
applied before grinding and followed by Soxhlet 
extraction, and (3) grinding was applied before mac-
eration and followed by Soxhlet extraction.

Folin-Ciocalteu Assay
The total phenolic content of the grape seeds ex-
tracts was determined using Folin-Ciocalteu assay 
(Box 1983). The absorbance was measured against 
a prepared blank using a UV-VIS spectrophotom-
eter at 750 nm. The total phenolic content meas-
urements were performed in triplicate, and total 
phenolic content was given in milligrams of gallic 
acid equivalent per gram of dried weight (dw).

hpLC analysis
The HPLC analysis was performed on a Waters HPLC 
system (Milford, MA, USA), which was equipped with 
a model 600 pump and a model 600 gradient control-
ler, to which a model 717 autosampler and a model 
996 photodiode array detector were connected. Sep-
aration of phenolic compounds was performed on a 

Fig. 1 schematic procedure optimization of in-line extractions of lipids and polyphenols
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Purospher RP-18e column (250 × 4 mm I.D., 5 μm) from 
Merck (Darmstadt, Germany). The solvent flow rate 
was 1 mL/min. The binary solvent system used was 
composed of solvent A (water/formic acid, 95:5 v/v) 
and solvent B (acetonitrile). The gradient was as fol-
lows: 99-70 % A and 1-30 % B from 0 to 45 min, 70-20 
% A and 30-80 % B from 45 to 75 min, and 20-80 % 
A and 80-100 % B from 75 to 80 min. The wavelength 
used for quantification with the diode detector was 
280 nm. All runs were acquired and processed using 
the Empower 2 software (Waters, Milford, MA, USA). 
Quantification was carried out by using the external 
standards (catechin, epicatechin, and gallic acid). 
Analyses were performed in triplicate, and mean 
values were reported for final calculation, which was 
expressed in milligrams per kilogram of oil.

Fatty acid methyl ester analysis
The AOCS Official Method Ce 2-66 was referred to 
prepare fatty acid methyl esters (FAMEs) from the 
lipid extract (AOCS 1997). Oil samples were filtered 
through a 0.2-μm regenerated cellulose filter (All-
tech, Deerfield, IL, USA) and then transferred into a 
vial before being injected to a gas chromatography 
system. The analysis was performed in triplicate 
for each oil sample after derivation procedure, and 
mean values were reported.
FAMEs were analyzed by a 7820A GC system (Ag-
ilent Technologies Inc., Palo Alto, CA, USA), which 
was equipped with a flame ionization detector (FID) 
detector and an autosampler. Gas chromatography 
was performed by a HP-INNOWax capillary column 
(30 m × 0.32 mm × 0.25 μm) using helium as a carri-
er gas at the velocity of 33 cm/s. Two microliters of 
sample was injected in split mode (split ratio 1:20) 
at 250 °C. The oven temperature program was op-
erated as follows: initial temperature at 50 °C for 1 
min, increasing at 20 °C/min to 180 °C and at 2 °C/
min from 180 to 230 °C, held isothermally at 230 °C 
for 10 min. Data were collected with the Agilent 

EZChrom Elite software. Identification of fatty acids 
was performed by comparison of retention time with 
that of purified FAME standards (Sigma Co., USA).

resULts and disCUssion

effects of solvent on tpC yields
This preliminary work compared yields of TPCs 
and main phenolic compounds in the extracts that 
were obtained in the extractions where water and 
aqueous ethanol (ethanol/water, 80:20 v/v) were 
separately used as solvent in order to determine 
the appropriate solvent for subsequent recovery of 
phenolic compounds at the laboratory scale.
The results showed that whichever the extraction 
procedure was chosen, the extraction of phenolic 
compounds using hot water as solvent was less 
efficient than that using aqueous ethanol (ethanol/
water, 80:20 v/v) as solvent (Fig. 2). The TPC yield in-
creased approximately 1.7 times in comparison with 
that extracted only by water in all cases, which is in 
agreement with the results of a previous study (Gha-
foor et al. 2009). In addition, the main antioxidants 
(gallic acid, catechin, and epicatechin) separated 
from grape seeds were also quantified. As shown in 
Table 1, the yields of catechin and epicatechin were 
higher when using aqueous ethanol (ethanol/water, 
80:20 v/v) as solvent, whereas this difference was 
not clearly shown for gallic acid. The yield of gallic 
acid ranged from 0.04 to 0.11 mg/g dw, which are 
in accordance with the previously published values 
ranging from 0.003 to 0.760 mg/g fresh weight (fw) 
among species (Liang et al. 2012). Although the use of 
water may avoid rigorous safety precautions for using 
organic solvents in the workplace and can eliminate 
impurity of final extracts because of the organic sol-
vent residues, aqueous ethanol (ethanol/water, 80:20 
v/v) was therefore selected as the extraction solvent 
for the following experiments. It should also be noted 
that proteins and polysaccharides could be extracted 

Fig. 2 influence of 
solvents on the yields 
of total phenolic 
compounds

in the case of using water as solvent under high pres-
sure and high temperature (Shi et al. 2003).

effects of extraction procedures on the 
yields of total phenolic Compounds
The yields of total phenolic compounds obtained 
from the three extraction procedures were com-
pared to evaluate the best process by Folin-Ci-
ocalteu assay. Figure 2 revealed that the highest 
yield was obtained by the third procedure which 
commensurate with the results of Xu et al. (2010).

Although less yields were obtained with both 
solvents in the first and the second procedures, 
there was no significant difference regarding the 
yield of TPCs between these two procedures us-
ing aqueous ethanol as solvent.
The same trend was observed in terms of the main 
phenolic compounds in the extracts with the excep-
tion of gallic acid. The third procedure yielded an 
average of 8.99 mg/g dw for catechin, followed by 
epicatechin (7.02 mg/g dw) and gallic acid (0.06 mg/g 
dw). These values were in good agreement with those 
reported in Liang’s work, which are 0.07 to 12.40 mg/g 
fw for (+)-catechin and 0.060 to 13.437 mg/g fw for 
(−)-epicatechin (Liang et al. 2012). Yields of gallic acid 

were similar for all the three procedures. With the 
results, it can be concluded that less significant differ-
ences concerning the main phenolic compounds were 
found among the three processes. 

effects of extraction procedures on Lipid 
yields of Grape seeds
The fatty acid composition of the extracted lipids 
from grape seeds was determined by GC-FID anal-
ysis. The extracted lipids from the three procedures 
were compared (Table 2) so that the optimal process 
could be determined with the consideration of the TPC 

  Catechin Epicatechin Gallic acid

  (mg/g dw) (mg/g dw) (mg/g dw)

Way 1 H2O  3.73  3.65  0.11

 EtOH/H2O  7.69  6.29  0.09

Way 2  H2O  3.90  3.86  0.04

 EtOH/H2O  7.09  5.79  0.09

Way 3  H2O  3.66  3.42  0.06

 EtOH/H2O  8.99  7.02  0.06

table 1 Quantification of main phenolic 
compounds extracted from grape seeds
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yields. The results showed that the lowest yield was 
obtained in the third procedure (4.94 %) because a 
fraction of the lipids were probably removed during 
the maceration extraction. The best performance was 
acquired in the first procedure with a yield of 7.90 %.
Although the results showed a significant difference 

table 2 the composition of fatty acids (%) in the 
lipid extracts of grape seeds

Fatty acids Way 1 Way 2 Way 3

C14:0 0.08 0.06 0.08

C15:0 0.08 0.07 0.15

C16:0 6:17 6:21 6.02

C16:1n7 0.16 0.13 0.20

C18:0 3.16 3.26 3.27

C18:1n9 13.23 13.15 14.00

C18:2n6c 75.10 74.53 74.05

C18:3n6 Tr Tr Tr

C18:3n3 0.46 0.45 0.52

C20:0 0.15 0.21 0.19

C20:1n9 0.20 0.26 0.23

C20:2n6 0.88 1.18 0.91

C20:3n6 0.11 0.15 0.13

C20:4n6 Tr 0.08 Tr

C20:3n3 Tr 0.08 0.06

C22 0.08 0.06 0.07

C23 Tr 0.08 0.06

∑SFA 9.76 9.95 9.84

∑MUFA 13.59 13.54 14.43

∑PUFA 76.65 76.50 75.74

PUFA/SFA 7.86 7.69 7.70

Yields  7.90 6.98 4.94

SFA saturated fatty acids, MUFA monosaturated fatty 
acids, PUFA polyunsaturated fatty acids, Tr trace 
amount.

on the total yield of extracted lipids among the three 
extraction procedures, there was no significant dif-
ference between them in terms of the number and 
relative percentage of both saturated and unsaturat-
ed fatty acids. All extracted fatty acids were hereby 
represented in three classifications: saturated fatty 
acids (SFAs), monounstaturated fatty acids (MUFAs), 
and polyunstaturated fatty acids (PUFAs). The main 
SFAs found in extracts were palmitic (C16:0) and stea-
ric (C18:0) acids. The major extracted MUFA was oleic 
(C18:1) acid. Linoleic (C18:2) was found abundant in 
PUFAs, followed by α-linolenic (C18:3) and eicosadi-
enoic (C20:2n6) acids. These results have also been 
proved by previous studies (Baydar et al. 2007; Beve-
ridge et al. 2005).

optimization of extraction procedures
In the overall consideration of the above-described re-
sults related to TPCs and lipids, the second procedure 
was regarded as the optimal extraction procedure, 
which can reach a compromise for the significant 
yield of both phenolic compounds (105.70 mg/g dw) 
and lipids (6.98 %). That was extraction of phenolic 
compounds by maceration first and followed by Sox-
hlet process, which allowed the total extraction of lip-
ids from ground by-products that were still rich in oil. 
This optimal conventional extraction procedure could 
be intensified by its integration with innovative tech-
niques (ultrasound, microwave, etc.) in order to set up 
a greener bio-refining extraction procedure (Li et al. 
2013a, b). This novel technique could lead to a yield 
similar to that obtained by conventional processes but 
without degradation or contamination of the extracts 
because of the remarkable reduced extraction time 
from hours to minutes.

ConCLUsions

The optimal in-line extraction procedure has been 
originally designed and performed well based on 

the obtained quantity and quality of lipids and total 
phenolic compounds using aqueous ethanol (ethanol/
water, 80:20 v/v) as solvent. This improved procedure 
elaborated at the laboratory scale showed its proba-
ble application on efficient sample preparation in food 
analytical field at the industrial scale with its potential 
intensification by innovative techniques.
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An innovative grape juice enriched in polyphenols 
by microwave-assisted extraction
Sheiraz Al Bittar, Sandrine Périno-Issartier*, Olivier Dangles, Farid Chemat
Université d’Avignon et des Pays de Vaucluse, INRA, UMR 408, 84000 Avignon, France

the grape juice by-product obtained from grape traditional press was extracted by microwave hy-
drodiffusion and Gravity (mhG); a green extraction technique preliminarily optimized at 1 W/g. the 
mhG extract (mhGe) was analyzed by hpLC for identification and quantification of anthocyanins 
and other phenolic compounds. then, mhGe was added to the natural juice (nJ) to produce an 
innovative grape juice (iJ). these three juices were evaluated for their total polyphenol content 
(tpC), total anthocyanin content (taC) in addition to their sensorial characteristics. mhGe showed 
the highest values of tpC (21.41 ± 0.04 mg Gae/g dW), taC (4.49 ± 0.01 lg mVGe/g dW). moreover, iJ 
(grape juice enriched with mhGe) was richer in tpC (6.70 ± 0.01 mg Gae/g dW) and taC (3.96 ± 0.01 
lg mVGe/g dW) than nJ (2.90 ± 0.02 mg Gae/g dW and 3.63 ± 0.06 lg mVGe/g dW, respectively). © 
2013 Elsevier Ltd. All rights reserved.

Keywords: Grape - Enriched juice - By-product - Microwave hydro-diffusion and gravity - Total phenol content - 
Anthocyanins

1. introdUCtion

Foods and beverages rich in polyphenols are potentially 
beneficial to human health due to the combination of in 
vitro antioxidant and cell-signalling effects expressed 
by these plant products (Hogan, Zhang, Li, Zoecklein, 
& Zhou, 2009; Luque-Rodríguez, Luque de Castro, & 
Pérez-Juan, 2007). As such, polyphenols could take 
part in the prevention of degenerative diseases, 
especially cardiovascular disease, brought about by 
diets rich in plant products (Anastasiadi, Pratsinis, 
Kletsas, Skaltsounis, & Haroutounian, 2010; Mulero, 
Pardo, & Zafrilla, 2010). Recently, many researches 
were aimed at developing natural polyphenols in the 
food industry instead of synthetic antioxidants, such 
as butylated hydroxytoluene (BHT) and butylated 
hydroxyanisole (BHA), which are suspected of 
carcinogenic potential (Spigno & Faveri, 2007). On the 
other hand, anthocyanins are natural plant pigments 
(expressing a diversity of bright colours from red to 

blue) and potent watersoluble antioxidants. Hence, 
anthocyanins could be also used as natural pigments 
in the food, cosmetic and pharmaceutical industries 
(Torskangerpoll & Andersen, 2005).
Grape is one of the fruits with the highest phenolic 
content. In fact, polyphenols are the most important 
constituents of grape juice after water (81-86%), 
sugars (glucose, fructose) and organic (tartaric, malic 
and citric) acids. However, most of these valuable 
phenolic compounds remain in by-products after 
juice processing in agreement with the phenolic 
distribution in grape as 30% in skin, 60% in seeds 
and only 10% in pulp (Muñoz, Mestres, Busto, 
& Guasch, 2008). Consequently, grape juice by-
products are rich sources of anthocyanins and other 
phenolic compounds and have been the material of 
many extraction works using different grape parts, 
solvents, and methods (Table 1).
Moreover, it is well known that the phenolic content 
of grape juices is tightly related to their sensorial 
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qualities in terms of colour and astringency (Gurak, 
Cabral, Rocha-Leao, Matta, & Freitas, 2010). For 
instance, the specific sensorial characteristics of 
red wine are achieved after a maceration step that 
drastically increases its phenolic content (Revilla 
& Ryan, 2000). On the other hand, many attempts 
were carried out to produce a grape juice richer in 
polyphenols (patent WO/2002/085137; ES 2177465). 
For example, a postharvest UV-C treatment of grape 
berries was combined with a maceration step to 
obtain high resveratrol contents without altering the 
sensorial properties of juice (Gonzàlez-Barrio, Vidal-
Guevara, Tomas-Barberan, & Espin, 2009).
In this article, fresh grape berries were pressed and 
the juice byproduct thus obtained was extracted 
by the MHG technique without solvent. The 
corresponding extract (MHGE) was analyzed by HPLC 
for its phenolic content. Then, MHGE was added to 
the total volume of natural juice (NJ) to produce 

an innovative juice (IJ) enriched in polyphenols in 
agreement with the European legislation (EC No. 
258/97). The total polyphenol and anthocyanin 
contents of MHGE, NJ and IJ were compared as 
well as their sensorial characteristics.

2. materiaLs and methods

2.1. material and juice preparing
Two kilograms of red grape (Alphonse Lavallée, Vitis 
vinifera, South Africa) (including berries and stems) 
was pressed in a vertical laboratory hydraulic press 
(REUS, P = 200 bars, Contes, France). Four hundred 
grams of press cake was collected and put directly 
in the microwave reactor to extract a red microwave 
juice (Fig. 1). IJ was prepared by mixing Nj (86%) 
with MHGE (14%) which corresponds with the 
proportion of extracted juices (Table 3). Samples of 
three juices were freeze-dried before analyze.

table 1. reported techniques for the extraction of polyphenols and anthocyanins from grape and grape 
by-products.

Samples Solvent Analytes Methods References

Grape berries EtOH, MeOH Ppa UAEa Anastasiadi et al. (2010)
 Synthetic winea Ppa Maceration Muñoz et al. (2008)
 MeOH + HCl Ana SLEa Abert Vian et al. (2006)

Grape skin EtOH Ppa and Ana SLE Luque-Rodríguez et al. (2007)

Skin, seeds MeOH + EtOH Ppa SLE, UAE, MAEa, HPTEa Casazza et al. (2010)

Grape seeds MeOH + EtOH Ppa and Ana SLE Orak (2007) and Bozan et al. (2008)
 SC-CO2 Seed oil SFE Passos et al. (2010)

Marc EtOH + H2O Ppa UAEa Evren Oscan (2006)
 EtOH, Ac2O  Antioxidants Maceration Spigno and Faveri (2007)
 Ac2O, SC-CO2 Antioxidants SFEa CO2 Louli et al. (2004)
 EtOH + HCl Ppa MAEa Pérez-Serradilla and Castro (2011)

White wine marc EtOH + (HCl, C4H6O6)  Ppa Maceration Makris et al. (2007)

 H2O Ppa HVEDa + SLE Boussetta et al. (2009)

a Pp, polyphenols; An, anthocyanins; SLE, solid-liquid extraction; SFE, supercritical fluids; UAE, ultrasound-assisted 
extraction; HVED, high voltage electrical discharge pretreatment; MAE, microwave-assisted extraction; HPTE, high 
pressure temperature extraction; synthetic wine: hydro alcoholic solution of tartaric acid (pH 3.2).

2.2. Chemicals
All solvents used for chromatographic purposes were 
HPLC grade. HPLC water, acetonitrile and formic 
acid were from VWR (Fontenay-sous-Bois, France). 
The HPLC grade anthocyanin standard malvidin-3-O-
glucoside was purchased from Extrasynthese (Lyon, 
France), while phenolic standards gallic acid, caffeic 
acid were from Alfa Aesar (Schitigheim, France). 
Catechin was purchased from Sigma-Aldrich (Saint 
Quentin Fallavier, France).

2.3. moisture content determination
Moisture content in grape berries and grape by-
product, before and after MHG extraction, was 
assessed by conventional Dean-Stark distillation 
according to the American Oil Chemist’ Society 
(AOCS) official methods (Zill-e-Huma, Abert-Vian, 
& Maingonnat, 2009). A moisture content of 80.9% 
was determined in the grape fresh berries, vs. 
43.8% and 37.0% in the grape by-product before 
and after extraction, respectively.

2.4. solvent-free microwave hydrodiffusion 
and gravity
Microwave hydrodiffusion and gravity was performed 
in a Milestone EOS-G microwave laboratory oven 
(Sorisole Bergamo, Italy) consisting in a multimode 
microwave reactor operating with a frequency of 
2.45 GHz and variable power (10 W increments, 
maximal value: 900 W). The extraction vessels are 
made of Pyrex and have a capacity of 1 L. During 
extraction, temperature was continuously monitored 
and recorded by sensors made of optic fibres inserted 
both in the plant material and in the reactor. The 
press cake was heated for 20 min at atmospheric 
pressure and at a constant power density of 1 W/g 
without addition of solvent. The direct interaction of 
microwaves with plant water triggers the release 
of plant cell contents and the corresponding extract 
moves downwards under the effect of earth gravity 

through a spiral condenser outside the microwave 
cavity. The extraction was continued until no more 
extract was collected or overheating was detected.

2.5. hpLC analysis
HPLC analyses were performed using a Waters HPLC 
system (Guyancourt, Versailles, France) consisting of 
a Waters 600E pump, a Waters 717+ auto sampler, 
a Waters 2996 photodiode-array detector. The HPLC 
pumps, automatic sample, column temperature and 
diode-array system were monitored and controlled 
by the Waters Empower 2 Chromatography Data 
software program. The chromatographic separation 
was carried out on a Purospher Star RP-18 end-
capped column (250 x 4 mm I.D.; 5-lm particle size 
from Merck), with a RP18 guard column (4 x 4 mm 
I.D.; 5-lm particle size also from Merck). The injection 
volume was 20 lL. All analyses were repeated at 
least three times, only mean values were reported.
The wavelength for grape anthocyanin analysis was 
530 nm. The end-capped column and guard column 
were held at 25 °C and the flow rate was set at 1 ml/
min. The mobile phase consisted of (A) formic acid/
water/acetonitrile (10/60/30) and (B) water/formic acid 
(90/10) .The solvent gradient used was: 0-40 min, (A) 
20% and (B) 80%; 40-50 min, (A) 76% and (B) 24%; 50-
53 min, (A) 90% and (B) 10%; 53-60 min, (A) 20% and 
(B) 80%; 60-65 min, (A) 20% and (B) 80%. Identification 
of anthocyanins was carried out by comparing their 
elution order and UV-visible spectra. Quantification was 
carried out by using malvidin-3-O-glucoside (MVG) as 
an external standard in known concentration. A linear 
regression of the peak area vs. concentration (0.05-0.35 
mg/ml) was used to quantify the compounds in the 
sample. Anthocyanin concentrations were calculated in 
mg of malvidin-3-O-glucoside equivalent (MVGE)/g of 
extract dry weight (DW).
The wavelength for total grape phenol analysis was 
280 nm. The end-capped column and guard column 
were held at 27 °C and the flow rate was set at 1 
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ml/min. The mobile phase consisted of (A) water/
formic acid (94/6) and (B) water/acetonitrile/formic 
acid (65/30/5). The solvent gradient used was: 0-10 
min, (A) 99% and (B) 1%; 10-45 min, (A) 70% and (B) 
30%; 45-75 min, (A) 20% and (B) 80%; 75-80 min, 
(B) 100%; 80-85 min, (A) 99% and (B) 1%; 85-90 
min, (A) 99% and (B) 1%. Identification of phenolic 
compounds was carried out by comparing the elu-
tion order and UV-visible spectra. External standards 
(caffeic acid, gallic acid, catechin) of known con-
centration (0.1-1 mg/ml) were used for calibration 
through linear regressions. Final concentrations 
were expressed in mg/g DW.

2.6. determination of total phenolic con-
tents (tpC)
TPC was estimated by the Folin-Ciocalteu method (Zill-
e-Huma et al., 2009) using a kit (SEPPAL (Isitec-lab), 
France) especially suitable for food products. This kit 
includes: Reagent A (modified Folin-Ciocalteu reagent), 
reagent B (alkaline buffer) and a gallic acid solution (3 
g/L). A small volume (20 lL) of H2O (blank), gallic acid 
solution (standard) or the extract (sample) was mixed 
with (2 ml) of reagent A. After 1 min, 1 ml of reagent 
B was added. The mixtures were allowed to stand for 
30 min in the dark at room temperature. Then, their ab-
sorbance was measured at 760 nm with a diode-array 
Hewlett-Packard 8453 spectrophotometer. TPC were 
calculated by using the following formula: TPC = 3 x 
(As – A0) / (Ast – A0) where As was the sample absor-
bance, A0 the blank absorbance and Ast the standard 
absorbance. Results were expressed as mg gallic acid 
equivalent (GAE)/g DW.

2.7. determination of total anthocyanin 
contents (taC)
TAC of extracts was determined by measuring the 
visible absorbance at 530 nm against a blank of 10% 
formic acid in distilled water. A calibration curve 
was built with MVG solutions (25, 12.5, 6.25, 3.125 

lg/ml in 10% aqueous formic acid). All samples were 
diluted in 10% aqueous formic acid until the absor-
bance was within the calibration limits. The results 
are expressed in mg MVGE/g DW.

2.8. Colour measurements
The colour of juices was measured by using the CIE 
L*a*b* system (CIE 1986) and a Minolta CR 400/410 
colorimeter equipped with a pulsed Xe lamp. The 
(L*, a*, b*) space models the human eye perception 
in terms of luminance and chrominance. L* express-
es the luminance and changes from 0 for black to 
100 for white, a* and b* represent the green-red 
axis and blue-yellow axis respectively and vary from 
-60 to +60. Any colour can be expressed in the L*, 
a*, b* rectangular coordinate system. Hue angle 
hab is defined as: hab = arctan (b*/a*). Remarkable 
hab values are: 0o (red), 270o (or -90°, blue), 90° 
(yellow), 45° (orange) and 180o (green). Colour as-
sessment of the samples was carried out after col-
orimeter calibration with a white plaque. The fresh 
samples (before freeze-drying) were placed in a spe-
cial quartz cell for measurements in triplicate. Mean 
values were reported.

2.9. sensorial analysis
The sensory analyses of the three fresh juices (MHGE, 
NJ, IJ) were conducted by a panel consisting of 15 
graduate students from Avignon University, France. 
The subjects were seated in sensory booths with 
appropriate ventilation and lighting. The samples 
were presented to each panellist in polystyrene 
cups. For the three juices, the following attributes 
were evaluated: colour, smell, acidity, astringency 
and global acceptance. For overall quality, the scale 
ranged from 0 (weakest attribute) to 10 (strongest 
attribute) and a score of 5 corresponded to an ideal 
perception. The panellists gave their preferences for 
each sample on a hedonic scale (0-10). Theaverage of 
the points was calculated for each attribute.

3. resULts and disCUssion

3.1. proposed mhG mechanism
In MHG extraction, the two transport phenomena, 
heat and mass transfer, are in the same direction from 
the inside of the extracted material to the bulk reactor 
(Abert-Vian, Tomao, Coulomb, Lacombe, & Dangles, 
2006). Consequently, the microwave-assisted ex-
traction process can be carried out without solvent. In 
this case, heat is dissipated volumetrically within the 
irradiated medium, and heat transfer occurs from the 
sample to the colder environment. By contrast, in con-
ventional solvent extraction, heat is transferred from 
the heating medium to the interior of the sample and 
mass transfer occurs from the inside to the outside. In 
conventional heating, heat transfer depends on ther-
mal conductivity, on the temperature gradient across 
the sample, on convection currents in fluids. As a re-
sult, the temperature increase is often rather slow. By 
contrast, in microwave heating, due to the volumetric 
heating effect, much faster temperature increases 
can be obtained, depending on the microwave power 
and the dielectric loss factor of the material being irra-
diated. The juice situated inside the cells is extracted 
by hydrodiffusion (extraction and diffusion) which is 
intensified by microwave heating.

3.2. microwave heating and extraction 
kinetics
This efficient microwave absorption results in a rapid 
increase in temperature leading to the rupture of cells 
by the in situ water, followed by the release of crude 
juice and steam. The heating phenomenon proceeding 
in the centre of the grape by-product was detected by 
a temperature sensor including optic fibres. Different 
phases in the temperature and mass variations were 
distinguished (Fig. 2). During the first phase (phase A, 
induction period), no increase in temperature was ob-
served in the grape by-product (initial temperature = 0 

°C). Moreover, no mass loss in of plant material was 
observed. This phase ended with the appearance of 
the first drop of water outside the microwave cavity. 
During the next phase (phase B), the water inside the 
plant material was heated up, then diffused out of plant 
matrix and moved downward under the influence of 
earth gravity. At this point, the temperature reached a 
plateau at 100 °C and remained constant until the com-
plete extraction of unbound water. A sharp decline in 
mass of plant material was observed during this phase. 
At last, when there was only tightly bound water left, 
the temperature started to further increase, which led 
to the burning phase (phase C) and no further mass loss 
was observed.

3.3. identification and quantification of 
mhGe by hpLC
HPLC analyses allowed the identification of seven dif-
ferent anthocyanins at 530 nm (Table 2). Whatever the 
microwave power used, the most abundant anthocyan-
in in the grape by-product extract was malvidin-3-O-glu-
coside in agreement with the literature (Abert-Vian et 
al., 2006). The other anthocyanins identified were pe-
onidin-3-O-glucoside, petunidin-3-O-glucoside, delphi-
nidin-3-O-glucoside and malvidin-3-O-(6-O-p-coumaryl) 
glucoside. Cyanidin-3-O-glucoside and malvidin-3-O-
(6-O-acetyl) glucoside were also detected in traces in 
MHGE. The total anthocyanin content estimated by 
HPLC was consistent with the value determined by 
UV-visible spectroscopy (Luque-Rodríguez et al., 2007). 
In addition to anthocyanins, gallic acid, caffeic acid and 
catechin were the main phenolic compounds identified 
and quantified in MHGE at 280 nm (see Table 2).

3.4. total juice evaluation
The Folin-Ciocalteu method allowed a good discrim-
ination between MHGE, NJ and IJ. MHGE showed 
a higher TPC (21.41 ± 0.04 mg GAE/g DW) than NJ 
(2.90 ± 0.02 mg/g DW) and IJ (6.40 ± 0.01 mg/g DW). 
By contrast, no large differences in total anthocyanin 
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content were observed between the three juices (Ta-
ble 3). In a previous works (Orak, 2007)], reported that 
the correlation between antioxidant activity and TPC 
was more significant than with TAC. Thus, a high an-
tioxidant activity of MHGE is expected due to its high 
content in colourless polyphenols.
MHGE, NJ and IJ were also compared by their physi-
cal characteristics as weight, volume, Brix degree, pH 
and colour (Table 3). The three juices have close pH 
values but different sweetness values as expressed 
by Brix degrees. As evidenced by a hab value near 0°, 
the colour of the natural juice supplemented with the 
MHG extract was darker and redder than the natural 
juice (hab ~~ 45°).

3.5. sensorial tests
The results of sensorial tests for the three juices 

(Fig. 3) are correlated with their physical char-
acteristics. The panellists found NJ sweeter 
than the other juices, whereas the astringency, 
acidity, smell and global evaluation of the three 
juices approximately gave the same attributes. 
Otherwise, the colour of the supplemented juice 
(IJ) was more attractive than that of the natural 
juice, which is an important point as colour is 
typically the first sensorial quality that attracts 
attention and influences the consumer’s choice.

4. ConCLUsion and perspeCtiVes
MHG is a green extraction method that offers import-
ant advantages like short extraction time (20 min), low 
energy input and no requirements in solvents. This 
study proved the efficiency of MHG in the extraction 
of polyphenols and anthocyanins from grape by prod-

Fig. 1. the preparation process of polyphenol-supplemented grape juice.

Fresh grape

hydraulic press

Grape by-product

mhG

enriched grape juice

natural grape juice

table 2. hpLC identification and quantification of anthocyanins and other phenols in mhGe.

Anthocyanins at 530 nm Quantity
a
 Other phenols at 280 nm Quantityb

Delphinidin-3-O-glucoside 0.26 Gallic acid  0.16
Cyanidin-3-O-glucoside 0.06 Catechin 4.70
Petunidin-3-O-glucoside 0.31 Caffeic acid  1.96
Peonidin-3-O-glucoside 0.89

Malvidin-3-O-glucoside 2.15

Malvidin-3-O-(6-O- ND

acetyl)glucoside

a Anthocyanin concentration expressed in mg MVGE/DW.
b Phenolic acid concentration expressed in mg/g DW.

ucts. Moreover, the juice supplemented in MHG extract 
had a more attractive colour and a higher polyphenol 
content while retaining acceptable organoleptic char-
acteristics. Thus, MHG comes up as a sustainable food 
process that offers opportunities to meet the growing 
demands for healthier food products.
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Sample  Weight Volume  Brix pH Colour: L*, TPCa TACb

 (g) (ml) degree hab

MHGE 185.31 184 5 4.03 16.54, 21.41 ± 0.01  4.49 ± 0.01

     11.86°

NJ  1397.9 1250 14 4.10 26.37, 65.5° 2.90 ± 0.02 3.63 ± 0.06

IJ 1583.21 1434  10  4.09 23.48, 12.3° 6.7 ± 0.002 3.96 ± 0.01

a TPC is expressed in mg GAE/g DW.  b TAC is expressed in mg MVGE/g DW.

A comparison of essential oils obtained from  
lavandin via different extraction processes:  
Ultrasound, microwave, turbohydrodistillation, 
steam and hydrodistillation
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a Université d’Avignon et des Pays de Vaucluse, INRA, UMR408, GREEN Extraction Team, 84000 Avignon, France
b Dipartimento di SCienze e Tecnologia del Farmaco, Universita di Turino, 10125 Torino, Italy

a total of eight extraction techniques ranging from conventional methods (hydrodistillation 
(hd), steam distillation (sd), turbohydrodistillation (thd)), through innovative techniques 
(ultrasound assisted extraction (Us-sd) and finishing with microwave assisted extraction 
techniques such as in situ microwave-generated hydrodistillation (ismh), microwave steam 
distillation (msd), microwave hydrodiffusion and gravity (mhG), and microwave steam diffu-
sion (msdf)) were used to extract essential oil from lavandin flowers and their results were 
compared. extraction time, yield, essential oil composition and sensorial analysis were con-
sidered as the principal terms of comparison. the essential oils extracted using the more 
innovative processes were quantitatively (yield) and qualitatively (aromatic profile) similar to 
those obtained from the conventional techniques. the method which gave the best results 
was the microwave hydrodiffusion and gravity (mhG) method which gave reduced extraction 
time (30 min against 220 min for sd) and gave no differences in essential oil yield and senso-
rial perception. © 2013 Elsevier B.V. All rights reserved.

Keywords: Microwave extraction Ultrasound assisted extraction Turbohydrodistillation - Steam distillation - Essential 
oil - Green analytical chemistry

1. introdUCtion

Lavandin Grosso (Lavandula intermedia var. Gros-
so) is a sterile hybrid of Lavandula angustifolia 
Miller (formely L. Officinalis) and Lavandula lat-
ifolia Vill (formely L. spica) [1]. This plant is an 
aromatic-medicinal species that belongs to the 
Labiatae (Lamiaceae) family. Lavandin Grosso was 
selected because of its high essential oil yields [2]. 
Essential oil from lavandin can be used as a laven-
der fragrance for cosmetics, fine perfume, sham-
poos and in other applications such as household 

cleaners and detergents [3]. In addition, a large 
range of medical uses for this plant have also been 
reported. These include antispasmodic, sedative, 
antihypertensive, antiseptic, healing and anti-in-
flammatory properties, all of which render it highly 
appreciated in phytotherapy and aromatherapy [4]. 
In food manufacturing, lavandin essential oil has 
been employed in flavoring beverages, ice cream, 
baked goods and chewing gum [5,6]. Essential 
oil extraction from this plant can be achieved by 
hydrodistillation or steam distillation. These tech-
niques take several hours of heating which can 
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cause degradation of the thermo labile compounds 
present in the starting plant material and therefore 
odor deterioration [7].
Moreover, with increasing energy prices and the 
drive to reduce CO2 emissions, universities and in-
dustries are challenged to find innovative technol-
ogies which can reduce energy consumption, meet 
legal requirements on emissions and achieve cost 
reduction and increased quality. For example, exist-
ing extraction technologies have considerable tech-
nological and scientific bottlenecks to overcome and 
often require more than 70% of total process energy 
used. Driven by these goals, advances in microwave 
extraction have resulted in a number of techniques 
such as microwave steam distillation (MSD) [8,9], 
microwave hydrodiffusion and gravity (MHG) [10,11], 
microwave steam diffusion (MSDf) [12] and solvent 
free microwave extraction (SFME) [13] being used. 
Microwave-mediated processes bring a number of 
advantages to essential oil extraction thanks to their 
reduced equipment size, ease-of-use, speed, ability 
to control a process via mild increments in heating 
and low solvent consumption, all of which contrib-
ute to reducing environmental impact and costs. 
Over the years procedures based on microwave 
extraction have replaced some of the conventional 
processes and other thermal extraction techniques 
that have been used in chemical laboratories for 
decades.
In this paper, we present a comparative study of 
the ability of a number of different methods to 
extract the essential oils from lavandin flowers in 
order to find the most advantageous in term of ex-
traction kinetics, essential oil quality and quantity.

2. materiaLs and methods

2.1. Chemicals and plant material
Analytical grade anhydrous sodium sulfate was pur-
chased from Fisher Scientific. (Leicestershire, UK). 

The lavandin (Lavandula hybribia) flowers used were 
collected from the south of France in July 2011.

2.2. extraction procedures
The extraction of the essential oils from lavandin 
was performed using eight different methods; three 
classical methods and five innovative methods, as 
shown in Fig. 1.

2.2.1. Hydrodistillation (HD) apparatus and 
procedure
250 g of lavandin was submitted to hydrodistil-
lation (Fig. 2a) using a Clevenger-type apparatus, 
according to the European Pharmacopeia, and 
extracted with 2 L of water for 240 min (until no 
more essential oil was obtained). The essential oil 
was collected, dried under anhydrous sulphate and 
stored at 4 °C until used. Each extraction was per-
formed at least three times.

2.2.2. Steam distillation (SD) apparatus and 
procedure
To facilitate rigorous comparison, the same glass-
ware and same operating conditions were used for 
conventional steam distillation (Fig. 2b). The vapor 
produced by the steam generator (with a steam 
flow rate at 25 g min−1) [14] passed through the 

Fig. 1. the eight different extraction processes.

Fig. 2. (a) hd, (b) sd, (c) thd, (d) Us-sd, (e) ismh or msd, (f) mhG, and (g) msdf.
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essential oil rich plant material before being con-
densed into a receiving Clevenger-type apparatus. 
The essential oil was collected, dried under anhy-
drous sulphate and stored at 4 °C until used. Each 
extraction was performed at least three times.

2.2.3. Turbohydrodistilation (THD) apparatus and 
procedure
To facilitate rigorous comparison, the same glass-
ware and same operating conditions were used for 
conventional turbohydrodistillation (Fig. 2c) [15]. 
In this method, the mixture was continuously ag-
itated with a stainless steel stirrer at 100 rpm. The 
essential oil was collected, dried under anhydrous 
sodium sulphate and stored at 4 °C until used. Each 
extraction was performed at least three times.

2.2.4. Ultrasound assisted extraction followed by 
steam distillation (US-SD) apparatus and proce-
dure
The ultrasound-assisted extraction experiment (Fig. 
2d) was performed using a sonotrode (BS2d34, 
Hielscher UIP 1000 hd, www.hielscher.com) and 
a glass system (Legallais, www.legallais-labo.fr). 
The double-layered mantle (with water circulation) 
allowed the extraction temperature to be controlled 
via a cooling system. Lavandin was extracted with 
2 L of distilled water over 30 min. An amplitude of 
60% was used continuously. After this pretreat-
ment, lavandin was removed, and conventional 
steam distillation was performed to extract essen-
tial oil with the same operating conditions as previ-
ously described (Section 2.2.2). The essential oil was 
collected, dried under anhydrous sodium sulphate 
and stored at 4 °C until used. Each extraction was 
performed at least three times.

2.2.5. In situ microwave-generated hydrodistilla-
tion (ISMH) apparatus and procedure
The in situ microwave-generated hydrodistillation 

(ISMH) (Fig. 2e) was performed in a Milestone NEOS 
microwave extraction laboratory oven (Milestone, 
Bergamo, Italy, www.milestonesrl.com).
It is a 2.45 GHz multimode reactor, with 10 W incre-
ments in delivered power up to a maximum of 900 W 
and is equipped with Pyrex extraction vessels with a 
capacity of 1500 mL. Time, temperature and power 
were controlled. Temperature was measured by an 
external infrared sensor. In a typical ISMH procedure 
performed at atmospheric pressure, 250 g of lavan-
din was heated using a fixed power of 500 W for 60 
min after having been soaked in 1 L of distilled water 
during 10 min. A cooling system outside the micro-
wave cavity condensed the distillate continuously. 
Condensed water was refluxed in the extraction 
vessel for the regulation of humidity. The essential 
oil was collected, dried under anhydrous sodium sul-
phate and stored at 4 °C until used. Each extraction 
was performed at least three times.

2.2.6. Microwave steam distillation (MSD) appa-
ratus and procedure
To facilitate rigorous comparison, the same micro-
wave equipment (Fig. 2e), the same power setting 
and the same time were used in every experiment. 
An electrical steam generator (with a steam flow 
rate at 25 g min−1) and a condenser placed outside 
a microwave zone were connected to specific glass-
ware that contained 125 g of lavandin that had been 
soaked in 500 ml of distilled water for 10 min. The 
condenser was connected to a receiving Florentine 
flask, which should preferably be a separating fun-
nel to enable the continuous collection of conden-
sate essential oil and water. Microwaves distended 
the plant cells and lead to the rupture of the glands 
and cell receptacles. The steam passed through the 
sample, evaporating and carrying the essential oil, 
and directed it toward the condenser and the Flo-
rentine flask. The essential oil was collected, dried 
under anhydrous sodium sulphate and stored at 4 °C 

until used. Each extraction was performed at least 
three times.

2.2.7. Microwave hydrodiffusion and gravity 
(MHG) apparatus and procedure
In a typical MHG procedure (Fig. 2f), 250 g of lavan-
din (after having been soaked in 1 L of distilled water 
for 10 min) was heated without the addition of sol-
vent or water. The direct interaction of microwaves 
with biological water (i.e. steam produced from the 
water present in the plant material) facilitates the 
release of essential oil trapped inside the cells of 
plant tissues. Due to earth’s gravity, a mixture of 
hot “crude juice” and steam (in situ water) natural-
ly moves downwards into a condenser outside the 
microwave cavity where it is condensed. The oil 
condensate is collected continuously in a receiving 
flask, dried under anhydrous sodium sulfate and 
stored at 4 °C until used. Each extraction was per-
formed at least three times.

2.2.8. Microwave steam diffusion (MSDf) appa-
ratus and procedure
In a typical MSDf procedure (Fig. 2g), 125 g of lavan-
din (after having been soaked in 500 ml of distilled 
water for 10 min) was packed into a cylindrical Py-
rex reactor. The raw material formed a packed bed. 
The saturated steam was produced by an electrical 
steam generator and passed through the lavandin 
bed while the mixture was continuously heated in 
a microwave cavity. The combination of microwaves 
and saturated steam facilitates the release of es-
sential oil trapped inside the cells of plant tissues. 
Due to earth’s gravity, a mixture of hot “crude juice” 
and steam naturally moves downwards into a spi-
ral condenser outside the microwave cavity. The oil 
condensate is collected continuously in a receiving 
flask, dried under anhydrous sodium sulfate and 
stored at 4 °C until used. Each extraction was per-
formed at least three times.

2.3. GC-Fid and GC-ms identification
Essential oil composition was determined by gas 
chromatography coupled with mass spectrome-
try (GC-MS) using the electronic impact (70 eV) 
ionization mode. Analyses were performed on 
a Hewlett-Packard 6890 coupled with a 5973A 
mass spectrometer, using two fused silica capil-
lary columns with different stationary phases. The 
non-polar column was HP5MS (30 m × 0.25 mm × 
0.25 mm film thickness) and the polar column was 
a Stabilwax consisting (60 m × 0.25 mm × 0.25 mm 
film thickness). GC-MS spectra were obtained using 
the following conditions; the vector gas was helium, 
the flow rate for the HP-5MS column was 0.3 ml/
min and 0.7 ml/min for the Stabilwax column, mode, 
split-less injection volume was 1 ml, injection tem-
perature was 250 °C, oven temperature program 
was held at 60 °C for 8 min and then increased by 
2 °C/min to 250 °C and held at 250 °C for 15 min.
The identification of the components was carried by 
computer matching against commercial libraries (Wi-
ley, MassFinder 2.1 Library, and NIST98), laboratory 
mass spectra libraries, built up from pure substances, 
and MS literature data combined with the compari-
son of GC retention indices (RI) on the apolar and polar 
columns. RI values were calculated with the help of 
a series of linear alkanes C

6 –C26 on the apolar and 
polar columns HP5MS and Stabilwax. Compounds 
available in the laboratory were confirmed by external 
standard compound co-injection. Each sample was 
analyzed three times on both columns.

2.4. sensory evaluation
The sensory evaluation of essential oils was con-
ducted by twelve trained panelists (6 females and 6 
males) who were staff members in the laboratories 
of the University of Avignon. Randomly coded sam-
ples were individually served to panelists.
Four descriptive adjectives musk scent, flowered odor, 
herbaceous scent and camphor smell were submitted 

http://www.hielscher.com/ 
http://www.legallais-labo.fr/ 
http://www.milestonesrl.com/ 
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to these persons. Marks were given from 0 to 10 for 
each adjective; 0 indicated that extract was not in ac-
cordance with the adjective and 10 that the extract was 
in perfect accordance with the descriptive adjective.

3. resULts and disCUssion

3.1. effect of the moisture
When microwave alone is used, the plant material 
is soaked with water until now 80% moisture. Using 
a microwave assisted extraction process such as 
those described above presents the advantage that 
the whole extraction process is accelerated. How-
ever, it has been found that the moisture content of 
samples to be extracted is a defining parameter for 
the recovery yield, when carrying the methods of 
the prior art. For instance, Lopez Avila et al. [16] and 
McMillin et al. [17] have reported that the recovery 
of natural products is improved with moisture. Fur-
thermore, Budzinski et al. [18] have reported that 
the maximum recovery for aromatics compounds is 
obtained when the moisture content of the sample 
is between 20 and 100%, preferably about 30%. 
When using dried samples, the recovery yield drops 
dramatically to about 15%.

3.2. extraction yield and time
The yields obtained from the three different conven-
tional techniques (SD, HD, THD) were of the same 
order of magnitude and the only difference was ob-
served in extraction time. A lavandin flower extraction 
time of 60 min with HD provides yields comparable to 
those obtained by THD and SD, which is one of the 
reference methods in essential oil isolation. The val-
ues obtained for essential oil yield are 5.4 ± 0.1% for 
the three processes. THD is a technique which causes 
extraction to be accelerated [11]. It is generally used 
on hard matter such as wood or seeds. In the case 
of the study, the agitation produced by THD does not 
have any effect, probably because flowers of lavandin 

Fig. 3. yield (g of essential oil/100 g lavandin 
flowers) profile of the essential oil obtained via 
the different methods as a function of extraction 
time.

are fragile and not hard. Fig. 3 shows the variation of 
extraction yield according to the extraction time for 
microwave and ultrasound assisted extraction and 
three distinct phases can be observed. The first phase 
represents the heating phase from room temperature 
to 100 °C. The second phase is represented by an in-
crease in yield which characterizes the first quantities 
extracted, located at the surface of vegetable parti-
cles. This phase is followed by a second increasing 
line which represents the diffusion of the essential 
oil from the midst of the particles toward the external 
medium caused by the internal warming of the water 
located in the plant cells. The third part corresponds 
to a plateau, which marks the end of the extraction 
process. However, extraction speeds are different de-
pending on the process used. With an extraction time 
of 15 min, MHG and MSDf methods provide yields 

and kinetics that are similar to those of conventional 
methods.
ISMH and MSD show similar extraction kinet-
ics: they reach maximal yields of 5.4 ± 0.09% and 
5.4 ± 0.12% respectively, in 30-40 min extraction 
time. These results confirm results from the liter-
ature, which indicate that the use of microwaves 
allows extractions to be accelerated [5-7-9]. Unlike 
other innovative methods, US-SD does not have a 
positive effect on extraction kinetics and gives a 
maximum yield of 5.4 ± 0.12% after 60 min.

3.3. Composition of essential oil
The lavandin flower essential oils extracted using 
the different methods are all rather similar in their 
composition. The same number of volatile second-
ary metabolites was found in them (see Table 1). Al-
though lavandin essential oil contains the same major 
components (1.8 cineole, linalol, camphor, 4-terpineol, 
a-terpineol, and linalyl acetate), their respective quan-
tities vary more or less according to the extraction 
technique used (in reasonable proportions). Micro-
wave irradiation highly accelerated the extraction 
process, but without causing considerable change to 
the volatile oil composition. This phenomenon had al-
ready been described by Pare and Belanger [19].

3.4. degradation of essential oil
In Fig. 4a, it can be seen that essential oils obtained 
from HD and SD share similar compositions except 
for the compounds; linalool (38.25 ± 4% SD and 
41.76 ± 1.59% HD) and linalyl acetate (28.75 ± 2.54% 
SD and 22.91 ± 0.32% HD). These differences are 
probably due to the degradation of linalyl acetate 
(when in contact with water) into linalool (see Fig. 
5(a)). In SD, lavandin is not directly in contact with 
water like in HD, consequently, the degradation of 
linalyl acetate is less marked than in HD. Water di-
rectly mixed with lavandin can be used as an initiator 
of the reaction and favors the formation of linalool in 

HD. If we compare THD and SD, we notice that the 
content of linalyl acetate is lower in THD than SD; 
20.73 ± 0.20% against 28.75 ± 2.54% respectively. On 
the other hand, 4-terpineol content is higher in THD 
than SD. We can conclude that linalool (unstable mol-
ecule) can be transformed into 4-terpineol as shown 
in Fig. 5(b). The use of THD to extract lavandin essen-
tial oil is not a good solution because it degrades the 
essential oil.
Results found with US-SD are the same as those 
found with HD (Fig. 4). The quantity of linalool is 
higher after pretreatment with ultrasound assisted 
extraction than it is for SD.
The main compounds contained in the essential oil ob-
tained via microwave-assisted extractions are present-
ed in Fig. 4b and compared to SD extracted oil contents. 
The amount of linalyl acetate obtained with SD is about 
1.5 fold higher than the values found with HD. In paral-
lel, the values of linalool from microwave extractions 

Fig. 4. main compounds of essential oil 
obtained by (a) conventional techniques and (b) 
ultrasound or microwave assisted extraction in 
comparison with steam distillation.
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are not as high as the value obtained with HD. The 
degradation reaction shown in Fig. 5 would appear to 
be more limited with microwave extraction, probably 
because the lavandin is not in direct contact with water.

3.5. sensory analysis
The sensory analysis results are presented in Fig. 6 
and clearly show some differences. The twelve per-
sons seem to find a musk smell in the THD extraction 
oil, while the different oils gave no notable differenc-
es in the herbaceous and camphor smells. In general, 
microwave techniques seem to give the same results, 
and have a good listing nearby the subjects. It is diffi-
cult to give clear conclusions, and determine the best 
sample of essential oil. Only the essential oil obtained 
via THD was not appreciated, but as we have shown 
previously, this essential oil was the most damaged 
which probably explains its less-pleasant odor.

4. ConCLUsion

Lavandin essential oils have been extracted using 
eight different methods and a comparison of the dif-
ferent conventional and innovative techniques has 

Fig. 5. (a) Formation of linalool and (b) formation of 4-terpineol.

Fig. 6. sensoral comparison of the techniques 
used to extract the essential oil of lavandin.

No. Compound RI  HD (%)  SD (%)  THD (%)  US-SD (%)  MSD (%)  SFME (%)  MHG (%)  MSDf (%)

  Stabilwax HP 5MS

1 α-Pinene 1045 929 0.02 ± 0.01 0.12 ± 0.03 0.09 ± 0.06 0.08 ± 0.00 0.09 ± 0.04 0.07 ± 0.01 0.13 ± 0.01 0.02 ± 0.00

2 Camphene 1066 944 0.09 ± 0.01 0.13 ± 0.02 0.12 ± 0.07 0.11 ± 0.00 0.11 ± 0.04 0.11 ± 0.01 0.16 ± 0.02 0.04 ± 0.00

3 β-Pinene 1092 972 0.11 ± 0.00 0.13 ± 0.02 0.12 ± 0.08 0.11 ± 0.00 0.12 ± 0.04 0.11 ± 0.02 0.18 ± 0.01 0.04 ± 0.00

4 Sabinene 1105 968 0.11 ± 0.00 0.04 ± 0.01 0.03 ± 0.02 0.03 ± 0.00 0.04 ± 0.01 0.03 ± 0.00 0.05 ± 0.00 0.02 ± 0.00

5 β-Myrcene 1149 987 0.24 ± 0.01 0.20 ± 0.03 0.24 ± 0.13 0.23 ± 0.01 0.11 ± 0.04 0.10 ± 0.01 0.14 ± 0.01 0.04 ± 0.00

6 D-Limonene 1176 1025 0.25 ± 0.01 0.32 ± 0.03 0.26 ± 0.11 0.27 ± 0.00 0.23 ± 0.05 0.22 ± 0.04 0.29 ± 0.03 0.10 ± 0.00

7 Eucalyptol 1187  3.50 ± 0.08 3.89 ± 0.06 4.72 ± 0.66 3.74 ± 0.04 4.03 ± 0.17 3.88 ± 0.32 4.57 ± 0.34 3.24 ± 0.04

8 β-Ocimene (Z) 1220 1033 0.21 ± 0.01 0.32 ± 0.04 0.18 ± 0.12 0.18 ± 0.01 0.11 ± 0.03 0.03 ± 0.01 0.15 ± 0.01 0.04 ± 0.00

9 β-Ocimene (E) 1236 1043 0.20 ± 0.01 0.26 ± 0.03 0.19 ± 0.12 0.21 ± 0.01 0.15 ± 0.04 0.14 ± 0.01 0.19 ± 0.01 0.14 ± 0.00

10 1-Octen-3-yl acetate 1366 1108 0.19 ± 0.00 0.03 ± 0.00 0.22 ± 0.00 0.22 ± 0.00 0.21 ± 0.01 0.20 ± 0.01 0.21 ± 0.01 0.19 ± 0.00

11 Linalol oxide (Z) 1418 1067 0.44 ± 0.04 0.44 ± 0.02 0.71 ± 0.04 0.53 ± 0.03 0.48 ± 0.00 0.47 ± 0.01 0.45 ± 0.03 0.40 ± 0.00

12 Linalol oxide (E) 1447 1084 0.40 ± 0.01 0.45 ± 0.00 0.61 ± 0.02 0.48 ± 0.00 0.35 ± 0.21 0.50 ± 0.00 0.53 ± 0.01 0.58 ± 0.01

13 Camphor 1471 1141 6.13 ± 0.13 6.04 ± 0.02 6.09 ± 0.01 6.15 ± 0.14 4.33 ± 3.33 6.91 ± 0.15 6.81 ± 0.32 6.92 ± 0.11

14 Linalol 1548 1103 47.51 ± 0.27a 38.79 ± 6.46 46.70 ± 0.58b 34.70 ± 4.23 25.16 ± 15.86 45.37 ± 0.59a 45.51 ± 3.00a 35.85 ± 0.35

15 Linalyl acetate 1557 1251 16.42 ± 0.47 14.00 ± 11.91 11.75 ± 0.50 16.37 ± 0.42 23.32 ± 1.80 23.10 ± 1.26 25.50 ± 3.15 24.84 ± 0.04

16 α-Santalene 1559  0.13 ± 0.01 1.08 ± 0.12 0.36 ± 0.16 0.17 ± 0.00 0.58 ± 0.46 0.62 ± 0.04 0.57 ± 0.39 0.18 ± 0.00

17 4-Terpineol 1577 1176 1.82 ± 0.02 1.68 ± 0.01 1.65 ± 0.11 1.76 ± 0.02 1.70 ± 0.00 1.58 ± 0.15 1.61 ± 0.04 1.77 ± 0.00

18 Lavandulyl acetate 1593 1283 2.12 ± 0.17 2.01 ± 0.14 1.61 ± 0.27 2.16 ± 0.05 1.85 ± 0.10 1.80 ± 0.17 1.75 ± 0.03 1.83 ± 0.00

19 Hexyl Tiglate 1603 1328 0.16 ± 0.02 0.25 ± 0.01 0.14 ± 0.08 0.14 ± 0.05 0.10 ± 0.02 0.25 ± 0.04 0.21 ± 0.01 0.11 ± 0.00

20 β-Funebrene 1634  0.25 ± 0.01 0.33 ± 0.04 0.27 ± 0.00 0.30 ± 0.04 0.23 ± 0.02 0.18 ± 0.03 0.15 ± 0.05 0.24 ± 0.01

21 Carvone 1643  0.39 ± 0.06 0.83 ± 0.09 0.59 ± 0.13 0.47 ± 0.05 0.82 ± 0.06 0.65 ± 0.08 0.71 ± 0.01 0.54 ± 0.02

22 β-Farnesene (Z) 1655 1450 0.54 ± 0.06 0.62 ± 0.01 0.48 ± 0.16 0.59 ± 0.02 0.58 ± 0.01 0.39 ± 0.08 0.32 ± 0.01 0.60 ± 0.01

23 Lavandulol 1656  4.80 ± 0.04 5.00 ± 0.14 5.20 ± 0.16 4.99 ± 0.04 4.89 ± 0.09 5.22 ± 0.14 4.92 ± 0.27 5.48 ± 0.02

24 Borneol 1662  3.46 ± 0.01 2.15 ± 0.09 3.54 ± 0.24 3.20 ± 0.03 0.98 ± 0.04 0.90 ± 0.13 0.57 ± 0.21 0.71 ± 0.02

25 β-Bisabolene 1698  0.20 ± 0.02 0.27 ± 0.04 0.27 ± 0.03 0.25 ± 0.01 0.25 ± 0.02 0.28 ± 0.02 0.19 ± 0.05 0.17 ± 0.00

26 Neryl acetate 1704 1357 0.64 ± 0.02 0.34 ± 0.02 0.57 ± 0.03 0.70 ± 0.01 0.11 ± 0.02 0.10 ± 0.02 0.08 ± 0.01 0.25 ± 0.00

27 α-Amorphene 1714  0.23 ± 0.02 0.22 ± 0.18 0.43 ± 0.01 0.27 ± 0.01 0.36 ± 0.04 0.39 ± 0.02 0.30 ± 0.03 0.05 ± 0.00

28 Geranyl acetate 1736 1377 1.53 ± 0.06 0.84 ± 0.06 1.45 ± 0.08 1.55 ± 0.01 0.41 ± 0.05 0.42 ± 0.01 0.32 ± 0.02 0.03 ± 0.00

29 Linalyl isovalérate 1746 1501 0.30 ± 0.02 0.28 ± 0.02 0.31 ± 0.02 0.31 ± 0.00 0.28 ± 0.03 0.31 ± 0.03 0.26 ± 0.00 0.24 ± 0.00

30 Nerol 1772  0.63 ± 0.05 0.08 ± 0.01 0.64 ± 0.05 0.07 ± 0.03 0.12 ± 0.01 0.21 ± 0.02 0.13 ± 0.04 0.22 ± 0.10

31 Geraniol (E) 1823  1.52 ± 0.01 0.89 ± 0.01 1.65 ± 0.09 1.55 ± 0.02 0.27 ± 0.01 0.25 ± 0.02 0.17 ± 0.01 0.15 ± 0.00

32 α-Cadinol 2120 1635 1.09 ± 0.03 1.00 ± 0.27 1.73 ± 0.02 1.16 ± 0.08 0.31 ± 0.06 0.48 ± 0.05 0.27 ± 0.03 0.51 ± 0.01

33 α-Bisabolol 2178 1680 2.25 ± 0.05 2.27 ± 0.78 3.91 ± 0.12 2.52 ± 0.21 0.55 ± 0.13 0.87 ± 0.01 0.46 ± 0.05 0.97 ± 0.01

a Compounds are listed in order of their elution time from a stabilwax column.
b i retention indices relative to C6 –C26 n-alkanes calculated on hp 5ms and stabilwax column.

been carried out. The characteristics analyzed were 
extraction time, essential oil composition, odor, power 
consumption and yield. Results identified the optimal 
extraction technique as being microwave hydrodif-
fusion and gravity (MHG). Indeed, it gave the maxi-
mum yield (5.4%) in only 15 min (120 min for SD) and 
consumed 1.3 kWh (against 8.06 kWh for SD). The 

essential oil obtained was of excellent quality (low 
degradation) and natural odor (similar smell to the 
original lavender).
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Portable microwave assisted extraction:  
An original concept for green analytical chemistry
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this paper describes a portable microwave assisted extraction apparatus (pmae) for ex-
traction of bioactive compounds especially essential oils and aromas directly in a crop or in 
a forest. the developed procedure, based on the concept of green analytical chemistry, is ap-
propriate to obtain direct in-field information about the level of essential oils in natural sam-
ples and to illustrate green chemical lesson and research. the efficiency of this experiment 
was validated for the extraction of essential oil of rosemary directly in a crop and allows 
obtaining a quantitative information on the content of essential oil, which was similar to 
that obtained by conventional methods in the laboratory. © 2013 Elsevier B.V. All rights reserved.

Keywords: Portable microwave assisted extraction - Miniaturization - Green analytical chemistry - Extraction - 
Essential oil

1. introdUCtion

Current trends in Green Analytical Chemistry are 
the development of portable instrumentation as an 
alternative to move the samples to the laboratory 
and thus, nowadays there are several available in-
struments to do it as, infrared instruments, energy 
dispersion X-ray fluorescence systems, portable 
gas chromatograph [1] or capillary electrophore-
sis [2]. A portable instrument can provide instant 
in-field results without the need to wait for the 
transport of collected samples from the forest to 
the laboratory. These past years, there is the devel-
opment of portable sample preparation apparatus, 
which can help to do the in-field extraction, sample 
preparation, analysis and data evaluation. In par-
allel, a portable instrument is defined as “easily” 
movable, convenient for carrying, and capable of 

being transferred or adapted in altered circum-
stances [3].
Miniaturization (down scaling) is an important fac-
tor of modern society reflected strongly in science 
and technology [4] including medicine, chemistry, 
environment, food safety, etc. [5]. Miniaturization of 
a procedure can be achieved simply by reducing di-
mensions of the systems used in earlier approaches 
or by developing completely new set-ups or tech-
niques. When compared to conventional systems, 
miniature systems can perform similar methods with 
remarkably reduced consumption of plant matrix and 
solvents, size and power requirement, system cost 
and meanwhile faster analysis time and massively 
parallel analysis capability. It is an attractive method 
for application requiring on-field rapid assay [6,7].
From the aforementioned perspective, the idea has 
been to develop a portable microwave assisted ex-
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Fig. 1. (a) a crop 
of Rosmarinus 
officinalis L. 
(b) the portable 
microwave assisted 
extraction apparatus: 
a lab in the field. 
(c) extraction of 
Rosmarinus officinalis L. 
essential oil with the 
pmae apparatus 
connected to the battery. 
(d) essential oil and water in situ obtained with 
pmae apparatus.

traction (PMAE) which can be used directly in the 
crop or the forest. Given its reduced size, this micro-
wave technique requires a small amount of sample 
in a small glassware system which is designed as a 
miniature alembic to be placed inside a microwave 
oven. It was a challenge to develop a miniature 
alembic, suitable to provide a fast extraction of es-
sential oils from the fresh samples and to collect the 
extract by using a Vigreux’s column as an air-cooled 
condenser, suitable also to be placed inside the 
microwave oven. In this way, the PMAE apparatus 
can provide information about the actual state of the 
fresh samples and their essential oil content. This 
procedure is also appropriate for teaching laborato-
ry, does not require any special microwave equip-

ment. The experiment developed, additionally than 
to provide a fast information on real samples, allows 
the students to learn extraction, chromatographic 
and spectroscopic analysis skills, and is a dramat-
ic visual example of rapid, sustainable and green 
extraction of natural products, suitable to be intro-
duced to commercially successful, sustainable and 
green chemical processing with microwave energy.
Here, were reported for the first time the potential 
of portable PMAE coupled with a battery for the ex-
traction of essential oil from rosemary directly in a 
crop or forest. The miniature glass system, equipped 
with a Vigreux’s column, was designed to illustrate 
the extraction phenomenon of essential oil in a rose-
mary’s field. In this paper, the essential oil from rose-

a

c

b

d

mary obtained by PMAE has been compared with that 
obtained by conventional hydrodistillation (HD) in the 
lab, being samples analyzed by gas chromatography 
and mass spectrometry (GC-MS).

2. materiaLs and methods

2.1. plant material
Rosemary (Rosmarinus officinalis L.) was collected 
in the south of France, in Avignon. Only fresh plant 
material was employed in all extractions. The initial 
moisture of leaves was verified in the laboratory as 
59.8%.

2.2. extraction methods
Portable microwave assisted extraction (PMAE) 
apparatus consists of a portable microwave oven 
Nicole Microwave, Reimo that works on a car’s 
battery (12 V). A miniature alembic employed for 
microwave assisted extraction is illustrated in Fig. 
1. 30 g of fresh rosemary were weighed into the 
100 mL Erlenmeyer flask with ground socket. Then, 
a Vigreux’s column as an air-cooled condenser fol-
lowed by an Erlenmeyer flask drilled (at atmospher-
ic pressure) to collect the distillate, were adapted 
to the socket. The glass system was put into the 
microwave oven and heated for 15 min without 
added any solvent or water, using a fixed power 
of 100 W. The essential oil layer was carefully 
transferred with a Pasteur pipette to a test tube. 
The oil was dried over anhydrous sodium sulphate, 
was weighed with a portable balance before being 
stored prior to analysis.
Conventional hydrodistillation [8] has been achieved 
according to the European Pharmacopoeia. 500 g of 
fresh rosemary were extracted with 2 L of water for 
3 h in a conventional apparatus (until no more essen-
tial was obtained). The essential oil was collected, 
dried under anhydrous sodium sulphate and stored 
until to be analyzed.

2.3. analysis of essential oils
Gas chromatography (GC) analysis was carried 
out using an Agilent 6850 gas chromatograph 
equipped with a flame ionization detector (FID), 
under the following operation conditions: vector 
gas, helium; injector and detector temperatures, 
250 °C; injected volume, 1 m-LL; split ration 1/100; 
an HP5MSTM (30 m × 0.25 mm I.D), with a film thick-
ness 0.25 m-Lm; a constant flow of 0.3 mL/min. Ad-
ditionally, a CarbowaxTM poly(ethylene glycol) (60 
m × 0.20 mm I.D) column with a film thickness of 
0.25 m-Lm, was used. The oven temperature pro-
gramme was 40 °C for 8 min increased at 2 °C/min 
to 250 °C and held at 250 °C for 30 min. Gas chro-
matography mass spectrometry (GC-MS) analysis 
was carried out using an Agilent 6890N coupled 
to an Agilent 5973 MS. Samples were analyzed 
using a fused-silica capillary column HP5MSTM (50 
m × 0.20 mm I.D., film thickness 0.50 m-Lm) and 
CarbowaxTM poly(ethylene glycol) (60 m × 0.20 mm 
I.D., film thickness 0.25 m-Lm). Carrier gas, helium; 
injector and detector temperatures, 250 °C; inject-
ed volume, 1 mL/min; split ratio; the oven tempera-
ture programme was 40 °C for 8 min increased at 
2 °C/min to 250 °C and held at 250 °C for 30 min; 
ionization energy, 70 eV; electron ionization mass 
spectra were acquired over the mass range 35-400 
u. Identification of the components was based on 
computer matching against commercial libraries 
(Wiley, MassFinder 2.1 Library, NIST98), laboratory 
mass spectra libraries built up from pure substanc-
es, and MS literature data combined with compari-
son of GC retention indices (RI) on apolar and polar 
column. RIs were calculated with the help of a se-
ries of linear alkanes C6 –C26 on apolar and polar 
columns (HP5MSTM and CarbowaxTM). Compounds 
available in the laboratory were confirmed by ex-
ternal standard compound co-injection [9-12].
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3. resULts and disCUssion

3.1. extraction time, energy and  
environment impact
PMAE procedure was finished after 30 min to obtain 
3 mL of rosemary’s essential oil compared to 3 h with 
conventional hydrodistillation apparatus and the es-
sential oil yield was determined directly in the field 
with a portable balance.
PMAE experiment can be performed directly in a crop 
with a portable microwave oven connected to a bat-
tery. It is not necessary to collect the plant material 
in a crop or forest and take them in a no stabilized 
state during hours to go to the laboratory and then 
extract rosemary’s essential oil with a Clevenger 
apparatus which needs to heat and boil 2 L of water 
with rosemary for several hours. The reduced cost of 
this green extraction is clearly advantageous for the 
PMAE method in terms of energy and environment 
impacts. The energy required to perform the two 
extraction methods are respectively 2 kW h for HD, 
and 0.1 kW h for PMAE. The power consumption has 
been determined with a Wattmeter at the microwave 
generator entrance and the electrical heater power 
supply. Regarding environmental impact, the calcu-
lated quantity of carbon dioxide rejected in the atmo-
sphere is much higher with conventional distillation 
(1600 g) than with portable microwave (80 g). These 
calculations have been made according to the litera-
ture considering that recovering 1 kW h from coal or 
fuel combustion is associated with 800 g of CO2 being 
rejected in the atmosphere. The life cycle analysis 
(LCA) has not been applied for transportation and the 
apparatus used, which will dramatically enhance the 
positive impact of using PMAE.

3.2. Composition of essential oil
The chemical composition of rosemary essential oils 
varies and depends on locality, the climatic conditions 
and harvesting seasons. In our study, rosemary leaves 

were obtained from a crop in Avignon, France (august 
harvest). The oils obtained from each experiment 
were very similar in appearance, pale colour and fra-
grance. The composition of the essential oils obtained 
by HD and PMAE methods are given in Table 1. A total 
of 25 compounds (in agreement with the literature) 
were identified in essential oils extracted from the 
same samples using the two techniques. The essen-
tial oil of rosemary leaves isolated either by PMAE or 
HD contains the same dominant components such as 
a-pinene, camphor, verbenone and camphene. The 
monoterpene hydrocarbons are present in almost 
equivalent amounts in the HD and PMAE essential 
oils and a-pinene, is the main abundant component in 
the essential oil extracted from rosemary with equiv-
alent relative amounts for both extraction methods: 
46.3% and 46.5%, respectively for PMAE and HD. 
Camphor was the main oxygenated component in the 
essential oil isolated from rosemary leaves but the 
relative amounts are not differed for the two isolation 
methods. It is the most abundant oxygenated compo-
nent of the essential oil 7.9% for PMAE whereas the 
HD oil contains 7.8%.

3.3. safety consideration
This green microwave extraction method is totally 
safe even for nonhighly educated operators, college, 
high school and academia laboratories. We only use 
conventional domestic microwave oven “without any 
modification” as specified by manufacturer. The glass-
ware even Vigreux column is simple to use, and do 
not create any problem of explosion, the PMAE being 
made at atmospheric pressure.

4. ConCLUsion

The aim of this paper was to explore the feasibility of 
a simple and low-cost portable microwave oven com-
bined with a miniaturized alembic to extract natural 
products and especially essential oils directly in a crop 

 No. Compoundsa HD (%) PMAE (%)  RIb RIc

  Monoterpene hydrocarbons 70.1   
 1 Tricyclened 0.2 0.2 921 1011
 2 a-Pinened 46.5 46.3 936 1023
 3 Camphened 5.9 6.0 951 1103
 4 Verbenene 0.9 1.1 955 1121
 5 β-Pinened 2.6 2.5 980 1109
 6 Myrcened 1.9 1.8 995 1149
 7 a-Terpinened 0.8 0.8 1020 1083
 8 para-Cymened 1.3 1.3 1025 1250
 9 Limonened 5.4 5.4 1030 1206
 10 ‘Y-Terpinened 3.0 3.0 1052 1251
 11 Terpinolened 1.6 1.6 1092 1287

  Oxygenated monoterpenes 24.4 24.9  
 12 Linaloold 2.3 2.3 1106 1538
 13 a-Campholenal 1.2 1.3 1122 1471
 14 Camphord 7.8 7.9 1149 1514
 15 Pinocarvoned 1.3 1.4 1160 1548
 16 Borneold 2.5 2.6 1173 1679
 17 Terpin-4-old 2.1 2.1 1184 1590
 18 a-Terpineold 0.7 0.7 1198 1677
 19 Verbenoned 6.5 6.6 1207 1696

  Sesquiterpene hydrocarbons 1.3 1.0  
 20 E-caryophyllene 0.9 0.8 1425 1470
 21 β-Bisabolened 0.4 0.2 1508 1714

  Oxygenated sesquiterpenes 0.3 0.3  
 22 Caryophyllene oxided 0.1 0.1 1570 1977
 23 a-Bisabolold 0.2 0.2 1684 2022

  Other oxygenated compounds 0.9 1.0  
 24 Bornyl acetate 0.8 0.9 1263 1579
 25 Methyl eugenol 0.1 0.1 1397 2032

 Extraction time (min.) 180 15   
 Yield (%) 0.57 0.2   
 Total oxygenated compounds 25.6 26.2   
 Total nonoxygenated compounds 71.4 71.0 
  
a Essential oil compounds sorted by chemical families and percentages calculated by GC-FID on non-polar HP5MSTM capillary column.
b Retention indices relative to C5–C28 n-alkanes calculated on non-polar HP5MSTM capillary column.
c Retention indices relative to C5–C28 n-alkanes calculated on polar CarbowaxTM -PEG capillary column.
d Compounds know in the rosemary.

table 1. Chemical composition of rosmarinus officinalis L. essential oils obtained by portable 
microwave assisted extraction apparatus (pmae) and hydrodistillation (hd).

or a forest. This original portable microwave assisted 
extraction provides a fast in-field information about the 
content of essential oils in fresh natural samples and of-
fers important advantages over traditional hydrodistilla-
tion technique: it is quicker (less than 15 min), effective 

and involves an environmentally friendly approach, with 
a reduced consume of energy and reagents. The PMAE 
apparatus can provide instant results on crop with-
out the need to wait for the transport from the forest 
to the lab, the sample preparation, analysis and data 
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evaluation. Moreover, PMAE could be employed as a 
laboratory exercise which easily teaches Green Analyt-
ical Chemistry. This PMAE apparatus allows obtaining 
essential oils similar to those obtained by conventional 
methods and successfully incorporates green analytical 
chemistry principles into the educational practical les-
sons.
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BaCKGroUnd: hydrodistillation (hd) has been used since ancient times for the extraction 
of essential oils (eo). despite the intrinsic limitations of this technique, it remains the most 
common method both in the laboratory and on an industrial scale. the main drawbacks are 
the long extraction time involved and the risk of thermal degradation. over the last decade, 
microwave-assisted extraction (mae) and in situ microwave-generated hydrodistillation 
(mGh) have been shown to be the most promising techniques in improving plant extraction 
and hydrodistillation.

resULts: in this study we compare hd with mGh in the extraction of several mint species 
cultivated in piedmont: Mentha spicata L. var. rubra, Mentha spicata L. var. viridis and Men-
tha piperita L. mGh requires either fresh plant or rehydrated material, it is extremely fast and 
allows a reduction in energy consumption and overall cost. all the eo have been analyzed 
by gas chromatography-mass spectrometry. a mechanism of microwave-generated essential 
oil extraction has been proposed to explain the differences in the composition of the oil ob-
tained from this environmentally friendly technique.

ConCLUsions: the yields and composition percentages of the eo obtained by hd and in 
situ mGh of fresh and dried mint leaves lie in a relatively narrow range, although mGh is 
faster. mW polarization effects and the water solubility of the components influence extract 
composition. © 2012 Society of Chemical Industry

Keywords: in situ microwave-generated hydrodistillation - hydrodistillation - mint - essential oils - GC-MS

introdUCtion

Hydrodistillation (HD) is a classic procedure which has 
been commonly used for the industrial extraction of 
essential oils (EO) since ancient times.1 Traditionally 
the raw plant material is put into a distillation 

apparatus over heated water and EO are carried out 
with the flow as the steam passes through the plant 
material, breaking down the leaf structures. The 
condensed mix of water and EO is then collected 
in the receiving vessel and the oil sits on top. After 
extraction, the EO is often redistilled, to obtain a 
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Figure 1. mGh and hd apparatus.

Agriculture (Grugliasco, TO, Italy). The studied species 
were from a third-year crop, planted in the field in 
spring 2009 from rooty turiones of the same mother 
plants per species cultivated uniformly in the area in 
previous experiments.14 The plants were grown in the 
same environment, in the experimental centre (44° 

531 11.6711 N, 7° 411 7.0011 E; 231 m above sea level, 
Carmagnola, TO, Italy) and soil (sandyloam, according 
to USDA criteria). Plant density for each species was 
~23 plants m−2 and plants were grown according to 
the standard cultural practices used for M. piperita 
L. in the local area.
Harvesting took place on 28 June 2011. Leaves 
were separated from stems and fresh samples went 
directly to oil extraction, while dried samples were 
obtained through an oven-drying process, as set out 
in previous experiments by some of the authors.14,15 

The EO content was calculated as the ratio in 
weight (w/w) between the cold oil collected from 
the burette and the original weight of the material.

purer product. HD is a time-consuming process that 
usually gives low yields.2 Over the last few decades 
different solvents, pressures and heating sources 
have been employed to shorten extraction times and 
improve yield and quality. Several techniques, such 
as supercritical fluid extraction (SFE),3 ultrasound-
assisted extractions (UAE)4,5 and microwave-assisted 
extraction (MAE),6 have been proposed.7 Microwave 
irradiation (MW) is applied at different stages; during 
solvent extraction (microwave-assisted solvent 
extraction, MASE),8 directly, to heat a solvent to 
aid HD (microwave-assisted HD)9 for direct solvent-
free extraction (solvent-free microwave extraction, 
SFME),10,11 or combined with ultrasound extraction 
(US).12 The latest innovative technique is microwave-
assisted hydrodiffusion and gravity (MHG),13 which 
allows the EO to be collected for it to simply drop, 
thanks to the force of earth’s gravity, out of the MW 
reactor into the collector flask.
The most popular essential oils are those obtained 
from mint species which are widely used for 
flavouring, cosmetic and pharmaceutical preparations. 
The genus Mentha includes 25-30 species that grow 
in the temperate regions of Eurasia, Australia and 
South Africa.
We have compared traditional HD with in situ 
microwavegenerated hydrodistillation (MGH) for 
the extraction of three mint species cultivated in 
Piedmont (Mentha spicata L. var. rubra, Mentha 
spicata L. var. viridis and Mentha piperita L.), with the 
aim of improving the extraction yields, reducing the 
time needed to collect the oils, obtaining a reduction 
in costs and energy and avoiding the problems of 
compound thermal degradation.

materiaL and methods

plant materials
All the fresh and dried plant materials were 
provided by the experimental centre at the Faculty of 

hydrodistillation
Essential oil extraction via the hydrodistillation 
technique was carried out according to Tibaldi et 
al.,15,16 with slight modifications. The hydrodistillation 
equipment was assembled by Exacta + Optech 
(San Prospero, MO, Italy) and was composed of an 
electrical heating mantle (500 W; Electro Thermal, 
Thermo Scientific, Waltham, MA, USA), a 2 L Pyrex® 

glass balloon filled with 1.5 L deionized water with 
a 4 L modified Pyrex® glass balloon filled with the 
plant material above it, a condenser and a graduated 
burette to collect the oil.
Method: an aliquot of 300 g fresh or dried leaves 
was placed in the steam distillation system. Each 
distillation lasted ~105 min, which included 45 min in 
which the leaves were steamed by the boiling water 
in the glass balloon. The 45 min distillation time 
started when the first drop of liquid, condensed in the 
cooling column, dropped into the graduated burette.

In situ microwave-generated 
hydrodistillation (mGh)
MGH was performed in a NEOS-GR MW oven 
(Milestone srl, Sorisole, BG, Italy). Dedicated 
equipment with specific software equipped with 
video camera and infrared pyrometer was used. The 
plant was placed in a 4 L beaker, covered with a 
polypropylene lid with a central hole connected via a 
glass tube to the external condenser. The latter was 
connected to a chiller with tubing in which cooling 
fluid, maintained at around 5-6 °C, circulated. Figure 1 
shows both the MGH and the HD apparatus.
Method: an aliquot of 300 g fresh or dried leaves was 
placed in a 4 L Pyrex® glass beaker and placed in the 
MW oven.
Dried leaves were previously rewetted under slight 
steam flow by means of a commercial domestic 
device (‘Vaporetto Polti – Italy’) equipped with a flow 
regulator (calculated swelling: 2 mL g−1 ).
Each distillation lasted ~45 min, which included 20 

min in which the leaves were steamed for the plant 
rehydration. The 20 min distillation time started 
when the first drop of liquid, condensed in the cooling 
column, dropped into the graduated burette.

analytical apparatus
All gas chromatographic mass spectra were recorded 
on an Agilent 6850 gas chromatograph (Agilent 
Technologies, Palo Alto, CA, USA), fitted with an 
MS Agilent Network 5973, which uses a 30 m 
long capillary column HP 5-MS (5% phenyl methyl 
siloxane, i.d. 0.25 mm, film thickness 0.25 μm), a 
1 : 20 split ratio, a 250 °C injector temperature and 
helium as the carrier gas (1.2 mL min−1 flow). The gas 
chromatographic parameters wereset up as follows; 
initial temperature 50 °C, rate 3 °C min−1, final 
temperature 80 °C, rate 10 °C min−1, final temperature 
300 °C, held for 10 min. The mass spectrometric 
parameters were as follows; low mass 40, high mass 
800, MS quad 150 °C, MS source 230 °C.
Gas chromatography – mass spectrometry (GC-MS) 
enables fast analysis, good separation and reliable 
quantitative and qualitative data.17

sample preparation
The samples were prepared by dissolving 0.04 mL 
essential oil in 1 mL chloroform. The samples (1 μL) 
were injected by an automatic injector (Agilent 
7683B series). The identification of products was 
achieved using the NIST 05 library (National Institute 
of Standards and Technology).

resULts and disCUssion

essential oils composition
The aim of our work was a comparison of MGH and 
conventional HD performed simultaneously on fresh 
and dried mint leaves. As reported in recent literature 
surveys,18 GC-MS can be considered the method of 
choice for the analysis of volatile fractions.
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EO yields are reported in Table 1, where it is possible 
to see that no striking differences in oil yield exist 
between the different techniques. An extraction time 
of 20 min with MGH provides yields comparable to 
those obtained after 45 min bymeans of HD, which is 
the reference method in EO extraction. A comparable 
profile of volatile secondary metabolites was found 
in the EO isolated by MGH and HD. Carvone, an 
oxygenated monoterpene, is the main component in 
the EO extracted from M. spicata L. var. rubra leaves 
with both techniques. The recovered amounts were 
655.0 and 602.7 g kg−1, for MGH and HD respectively, 
using fresh leaves, and 711.4 g and 601.7 g kg−1 using 
dried leaves (Table 2).
Limonene, a monoterpene hydrocarbon, is present at 
58.7 and 67.5 g kg−1 in fresh leaves and at 91.8 and 
86.7 g kg−1 in dried leaves, respectively. The third most 
abundant compound is β-caryophyllene, yielding 36.4 
and 44.8 g kg−1 when distilled from fresh leaves, and 
24.6 and 42.3 g kg−1 when distilled from dried leaves.
Similar compounds are present as major metabolites 
of M. spicata L. var. viridis leaves (Table 3). In fresh 
leaf EO, the most abundant compound is again 
carvone, with 379.4 and 482.1 g kg−1, and 383.1 and 
584.9 g kg−1, in dried leaf EO, when using MGH and 
HD respectively. In fresh leaf EO, limonene is the 
second most abundant compound, giving 158.3 and 
142.1 g kg−1.

β-Caryophyllene amounts are inverted with respect to 
M. spicata L. var. rubra, with 46.6 g kg−1 for MGH and 
34.4 g kg−1 for HD; however, 1,8-cineole is the third 
major compound here, yielding 109.9 and 106.6 g kg−1 

for MGH and HD, respectively. In dried leaf EO, carvone 
is still the most abundant compound, with 383.1 and 
584.9 g kg−1 for MGH and HD, respectively; then things 
differ. β-Caryophyllene (93.4 g kg−1) and β-cubenene 
(88.2 g kg−1) are the other two major compounds for 
MGH (limonene and 1,8-cineole yielding 78.0 and 78.6 
g kg−1, respectively), while 1,8 cineole (76.7 g kg−1) and 
limonene (63.9 g kg−1) are the second and third major 
compounds obtained when using HD.
Finally, M. × piperita L. fresh leaf EO contain the 
same three major compounds present in the 
following equivalent relative amounts after MGH 
and HD extraction (Table 4): isomenthone (276.8 and 
319.2 g kg−1), menthol (248.2 and 220.0 g kg−1) and 
menthofuran (163.5 and 163.9 g kg−1). Dried leaf EO 
is similar, but shows some differences. Using MGH, 
menthol (459.8 g kg−1) is followed by menthone (141.2 
g kg−1) and 1,8- cineole (83.3 g kg−1), whereas using 
HD, menthol (294.6 g kg−1) remains the first major 
compound, followed by isomenthone (288.2 g kg−1) 
and menthone (107.1 g kg−1).
The differences between MGH and HD extraction 
techniques can be summarized as follows: a higher 
total amount of oxygenated compounds is present 
when using MW, while some other degradation 
products are present in lower amounts and are 
sometimes completely missing. This can be explained 
when one considers that MW reduces the extraction 
time, allowing faster extraction with a smaller 
amount of water. This leads to minimum degradation 
in compounds by hydrolysis, transesterification or 
oxidation, while some oxidation reactions are promoted 
by the MW irradiation, resulting in a rise of oxygenated 
compounds. It is worth noting that oxygenated 
compounds are highly odoriferous and, hence, the most 
valuable components in the EO. Instead, monoterpene 

 Fresh leaves  Dried leaves
 and stems  
 MGHa HDb MGHa HDb

 (g kg−1)  (g kg−1)  (g kg−1)  (g kg−1)
Mentha spicata L. var. 1.0 0.8 4.2 4.1
rubra
Mentha spicata L. var. 3.1 3.2 4.4 4.5
viridis
Mentha piperita L. 4.9 5.3 8.9 9.1

a Extraction time 20 min;
b extraction time 45 min.

table 1. mGh versus hd extraction yield (g kg−1)

hydrocarbons, which are present in (on average) lower 
amounts in the MGH extract, are less valuable owing 
to their limited contribution to the fragrance of the EO.

Cost, energy and environmental impact
MGH is more advantageous than HD in terms of 
costs and energy. The calculated energies required 
for the different methods are 1.5 kWh for HD and 
0.25 kWh for MGH.19

In developed countries the greatest causes of 
greenhouse gases are transportation and electricity 
production. The carbon footprint is the total 
amount of greenhouse gas emissions, assessed in 
carbon dioxide units (tonnes of CO2 equivalent per 
year), caused directly and indirectly by a specific 
manufacturing process. In our case, the calculated 
carbon footprint is 1200 g CO2 for HD and 200 g CO2 
for MGH.19 According to the literature, 800 g CO2 are 
released into the atmosphere to obtain 1 kWh from 
the combustion of coal or fossil fuel.20

proposed mechanism
The importance of terpene solubility in water during 
distillation was first mentioned by Von Rechenberg21 

in 1910: ‘the compounds vaporize according to their 
degree of solubility in the distillation water rather 
than following the order of their boiling point’. In 1982, 
Koedam22 demonstrated Von Rechenberg’s theory by 
recording the relative amount of limonene (b.p. 175 
°C) and carvone (b.p. 231 °C) distilled as a function 
of time. It was observed that carvone distils first, 
despite its higher boiling point, and then decreases 
in proportion distilled as the proportion of limonene 
(175 °C) increases. In summary, after 1 h of distillation, 
carvone is the major compound, comprising close to 
90% of the extract, whereas after 16 h the content 
of carvone has decreased to around 60%, while 
limonene content increases from 10% to 40%. 
Similar results have been found for the MGH of 
essential oils. Compounds with the highest boiling 

table 2. main components of M. spicata L. var. 
rubra eo yield (g kg−1) 

 Fresh leaves Dried leaves
 MGH HD MGH HD

α-Pinene 2.8 4.0 6.2 7.4
Sabinene  3.2  4.6  5.2  6.3
β-Pinene  5.6  7.2  10.2  10.8
2-Thujene  1.16  15.9  13.6  14.7
3-Octanol  2.6  –  2.4  2.6
Limonene  58.7  67.5  91.8  8.67
1,8-Cineole  28.8  24.8  34.9  3.45
(E)-β-Ocimene  4.8  6.3  4.5  5.2
(Z)-β-Ocimene  3.0  3.4  –  2.0
g-Terpinene  3.4  3.6  2.0  1.1
3-Carene  –  8.1  3.9  11.1
p-Menth-1-en-8-ol  –  –  1.2  1.4
(−)-4-Terpineol  8.9  7.1  4.1  2.6
t-Dihydrocarvone  42.9  18.9  14.4  17.3
c-Carveol  3.4  7.1  2.2  3.3
t-Carveol  –  –  1.4  2.3
D-Carvone  655.0  602.7  711.4  601.7
Piperitone  6.8  4.9  6.7  8.2
t-Carvone oxide  4.0  2.8  2.7  4.0
c-Carvone oxide  4.8  –  –  4.2
Dihydroedulan II  –  –  0.7  1.0
Dihydroedulan I  1.5  –  –  1.5
Isolimonene  –  5.8  2.0  –
Dihydrocarvyl acetate  18.7  –  –  3.2
t-Carveyl acetate  3.4  –  1.1  1.8
β-Bourbonene  28.7  29.7  13.7  24.7
β-Elemene  2.2  4.2  2.5  5.5
Isocaryophyllene  1.8  –  –  1.1
β-Caryophyllene  36.4  44.8  24.6  42.3
β-Caryophyllene  2.9  3.9  1.9  3.8
(+)-Epi-bicyclosesquiphellandrene  7.9 9.8  3.9  9.0
Germacrene D  8.2  17.3  7.6  16.1
Bicyclogermacrene  1.8  4.4  1.4  3.5
α-Muurolene  1.0  –  –  1.3
Calamenene  4.8  9.3  2.7  5.6
Caryophyllene oxide  1.6  16.8  1.1  3.0
1,4-Cadinadiene  1.8  5.9  –  2.2
t-Muurolol  –  4.1  –  1.2

Total  973.1  945.0  982.0 954.0

point are largely predominant after only 20 min for 
Mentha spicata L. In contrast, it can be seen for 
HD after 45 min of distillation that the difference 
in concentration between compounds is definitely 
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 Fresh leaves Dried leaves
 MGH HD MGH HD

α-Pinene 4.2 7.7 3.1 5.2
Sabinene  4.9 6.3 3.6 4.9
β-Pinene  8.3 11.2 6.7 9.0
3-Octanol 22.0 – 3.2 1.5
α-Terpinen – – 4.4 0.7
β-Cymene  – – 1.1 0.8
Limonen – 24.1 10.7 10.6
1.8-Cineole 64.4 67.8 83.3 65.8 
(E)-β-Ocimene 3.3  –  5.1  2.1
g-Terpinen 3.1 – 8.0 1.3
c-Sabinene hydrate  17.0 13.7 16.8 28.3
Terpinolen – – 2.2 0.6
t-Sabinene hydrate  – – 1.9 0.7
Linalyl butyrate  5.8 – 7.4 4.7
Isomenthone  276.8 319.2 – 288.2
Menthone  – – 141.2 107.1
Menthofuran  163.5 163.9 –  – 
Menthol  248.2 220.0 459.8 294.6 
(−)-4-Terpineol 6.6 10.4 –  –
p-Menth-1-en-8-ol 3.7 3.4 8.4 4.1
Pulegone  58.0 62.1 47.8 27.0 
(+)-3-Menthene  –  –  0.8  0.3
Dihydroedulan I – – 1.6 0.3
Mentyl acetate  4.2 – 22.2 14.7
α-Cubebene – – 0.8 0.6
β-Bourbonene  2.4 2.1 3.9 3.1
β-Elemene  – – 1.4 1.1
β-Caryophyllene  29.2 25.2 36.1 27.5
β-Farnesene  4.2 3.5 7.9 4.5
α-Caryophyllene – – – 1.3
Germacrene D 46.9 40.3 62.7 48.9
Bicyclogermacrene  – – 10.4 9.3
β-Cadinene  – – 1.7 1.0
Hexadecane  – – 1.9 1.6
g-Gurjunene  4.9 3.5 7.5 9.6

Total 981.5 984.3 973.6 981.1

 Fresh leaves Dried leaves
 MGH HD MGH HD

α-Pinene 8.2 7.3 – – 
Sabinene  9.2 8.2 – –
β-Pinene  16.2 12.4 6.3 5.3
2-Thujene 10.2 – – –
3-Octanol 10.9 10.5  –  – 
Limonene  158.3 14.21 78.0 63.9
1,8-Cineole 109.9 106.6 78.6 76.7 
(E)-β-Ocimene  6.8 5.8  –  –
g-Terpinene   5.1 5.7  3.7  5.5 
c-Sabinene hydrate  11.9 7.6 13.0  9.3 
t-Sabinene hydrate  11.7  –  – – 
Thujone  3.8  –  – –
D-Camphor  4.6  – – – 
Borneol  23.8 2.1  3.3 –
d-Terpineol  – 4.3 3.2 –
(−)-4-Terpineol  11.1 13.8 – 1.03
p-Menth-1-en-8-ol 4.2 4.6 4.2 .57
Dihydrocarveol  18.9 16.3 4.4 13.0
t-Carveol  12.8 15.5 5.3 7.5
Pulegone  4.3 5.2 6.0 6.2
D-Carvone 379.4 482.1 383.1 584.9
Bornyl acetate  2.4 – 7.6 – 
Dihydrocarvyl acetate  3.2  2.9  4.2  – 
t-Carveyl acetate  1.5  1.7  2.4  –
β-Bourbonene  25.2 22.1 52.6 32.0
β-Elemene  3.2 3.4 13.4 7.8
c-Jasmone  2.2 3.3 4.0 4.2
β-Caryophyllene  46.6 34.4 93.4 56.1
β-Cubenene  – 3.2 6.5 4.2
Germacrene D 4.0 – 10.1 5.9
β-Caryophyllene  7.9 2.1 6.2 –
α-Muurolene  2.4 2.6 – 2.8
β-Cubebene  29.3 31.8 88.2 53.7
Bicyclogermacrene  9.8 10.6 25.4 13.3
g-Cadinene  0.9 1.6 3.1 – 
Calamenene  3.1 2.8 8.8  5.4
Caryophyllene oxide  1.1 – 15.6 4.5
1,4-Cadinadiene  0.8 –  5.9 – 

Total 965.0 972.4 936.5 977.6

table 3. main components of M. spicata L. var. 
viridis eo yield (g kg−1)

table 4. main components of M. piperita L. eo 
yield (g kg−1)

less significant than in MGH and sometimes the 
differences are completely reversed. Carvone is the 
most abundant component of the MW extract (655.0 
g kg−1) and limonene the second (58.7 g kg−1), whereas 
the HD essential oil contains less carvone (602.7 g 
kg−1) and more limonene (67.5 g kg−1). It seems that 
the phenomenon called ‘hydrodiffusion’ and the 
mechanism described by Von Rechenberg are more 
pronounced in the case of MGH (Table 5).
Another explanation may be found in the dielectric 
properties of EO compounds and their interaction, 
as a material, with electromagnetic waves. EO are 
composed of a variety of compounds divided into 
two main groups: hydrocarbons and oxygenated 
compounds. For garden mint, the EO is principally 
made up of carvone (oxygenated monoterpene) and 
limonene (monoterpene hydrocarbon). How does 
the MW energy effect differ for these two different 
aromatic compounds? It would be reasonable to 
believe that for the more polar compounds the more 
readily the MW irradiation is absorbed, the better 
the interaction between the electromagnetic wave 

andmatter is established, and the more polar aromatic 
component contents are obtained. This would appear 
to correspond well to what has been observed in the 
case of carvone (polar compound) versus limonene 
(non-polar compound) (Table 5).
Another explanation and mechanism could be 
found in electromagnetic interactions; EO contain 
organic compounds that strongly absorb MW energy. 
Compounds with high and low dipolar moments could 
be extracted in various proportions by microwave 
extraction. Organic compounds that have a high dipolar 
moment will interact more vigorously with MWs and 
can be extracted more easily, in contrast to aromatic 
compounds, which have low dipolar moments. 

ConCLUsions

In this work we have shown how the extraction 
technique influences both EO quantity and quality. 
The extraction process is strongly accelerated by 
MW irradiation and the quality of the isolated oil is 
comparable. MGH requires either a fresh plant or 
rehydrated material. It is extremely fast and allows 
reductions in energy consumption and overall cost to 
be achieved. We have shown that the differences in oil 
composition obtained with this environmentally friendly 
technique are related to the water solubility of the 
components. The reduction in costs and CO

2 emissions 
makes the scale-up of this technique extremely 
appealing. True understanding, on the molecular scale, 
of MW extraction has not yet reached the degree of 
maturity of other topics such MW synthesis. MW water 
extraction-hydrodistillation may occur via one of these 
two proposed extraction mechanisms –‘hydrodiffusion’ 
or ‘MW polarization’– or as a combination of both. The 
twomechanisms are related to the structure of the 
extracted compounds and their polarity. MW extraction 
interferes with polarization effects that cannot be easily 
separated from the physical and chemical properties of 
extracted molecules.

table 5. Carvone versus limonene for 
M. spicata L. var. rubra: their abundance 
in eo is related to their physical 
and chemical characteristics

 Carvone  Limonene
 

% MGH 65,50 5,87
% HD 60,27  6,75
Boiling point (°C)  231 175
Solubility in water (g L−1)  1,6 0,00042
Dipolar moment (D)  24  14
Dielectric constant  2,44  0,75
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1. introdUCtion

Due to the constraints of conventional extraction tech-
niques used in the cosmetics, pharmaceutical or food 
industries, the entire researchers are required to seek 
out advanced technological innovations that may rec-
oncile the challenges set by economics, society and 
the environment. Therefore, in recent years, green 
extraction, based on the principles of green chemistry, 
green engineering and the bio-refinery concept, has 
sprung up and developed into a hot research topic. 
It is based on the discovery and design of extraction 

Green ultrasound-assisted extraction of  
carotenoids based on the bio-refinery concept 
using sunflower oil as an alternative solvent
Ying Lia, Anne Sylvie Fabiano-Tixiera, Valérie Tomaoa, Giancarlo Cravottob, 
Farid Chemata*
a Groupe de Recherche en Eco-Extraction de produits Naturels (GREEN), Université d’Avignon et des Pays de 
Vaucluse, INRA, UMR 408, Sécurité et Qualité des Produits d’Origine Végétale, F-84000 Avignon, France
b Dipartimento di Scienza e Tecnologia del Farmaco, Università di Torino, Via P. Giuria 9, 10125 Torino, Italy

a green, inexpensive and easy-to-use method for carotenoids extraction from fresh carrots assist-
ed by ultrasound was designed in this work. sunflower oil was applied as a substitute to organic 
solvents in this green ultrasound-assisted extraction (Uae): a process which is in line with green 
extraction and biorefinery concepts. the processing procedure of this original Uae was first com-
pared with conventional solvent extraction (Cse) using hexane as solvent. moreover, the Uae opti-
mal conditions for the subsequent comparison were optimized using response surface methodology 
(rsm) and ultra performance liquid chromatography – diode array detector – mass spectroscopy 
(UpLC-dad-ms). the results showed that the Uae using sunflower as solvent has obtained its high-
est β-carotene yield (334.75 mg/l) in 20 min only, while Cse using hexane as solvent obtained a 
similar yield (321.35 mg/l) in 60 min. the green Uae performed under optimal extraction conditions 
(carrot to oil ratio of 2:10, ultrasonic intensity of 22.5 W cm-2, temperature of 40 °C and sonication time 
of 20 min) gave the best yield of β-carotene. © 2012 Elsevier B.V. All rights reserved.

Keywords: Green extraction - Bio-refinery - Ultrasound - Carotenoids - Alternative solvent

processes which are reducing the energy consump-
tion, allow the use of alternative solvents and re-
newable/innovatory plant sources so as to eliminate 
petroleum-based solvents and ensure a safe and high 
quality extract or product. Furthermore, its six princi-
ples defined in 2010 are relevant to renewable plant 
resources, alternative solvents, energy, co-products/
by-products, processes and final products, respective-
ly [1]. Green extraction has now shown its benefits, 
not only in reducing risks to human health, but also in 
protecting the environment in an economically benefi-
cial manner in a sustainable world.
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The carotenoids are one of the most important groups 
of natural pigments in fruits and vegetables. Several 
epidemiological studies have found their antioxi-
dant properties through a link between high-carot-
enoid-content vegetable intake and a lower risk of 
chronic degenerative diseases such as certain types 
of cancer or cardiovascular diseases [2-6]. Moreover, 
a well-known property of carotenoids is their ability 
to absorb light, they are thus essential for photosyn-
thesis in an oxygen atmosphere [7,8]. Great interest 
has been shown in extracting these fat-soluble 
compounds because of the above-mentioned physi-
ological and biological functions. However, solvents 
of petrochemical origin are now strictly regulated 
by European Directives and Registration, Evaluation, 
Authorisation and Restriction of Chemicals (REACH). 
Furthermore, the heat applied for CSE may be detri-
mental to some heat-liable carotenoids such as lyco-
pene [9]. Therefore, industries are forced to turn to use 
more environmentally benign alternative solvents and 
new natural substance extraction processes.
In recent years, the UAE of antioxidants has been 
widely applied due to its high efficiency and extrac-
tion rate [10-12]. The cavitation force of ultrasound 
can successively accelerate the heat and mass trans-
fer rate so as to disrupt plants cell walls and facilitate 
the release of interesting extractable compounds 
[13]. In this work, an innovative, fast and green ultra-
sound-assisted extraction technique for carotenoids 
has been developed using sunflower oil as an alterna-
tive solvent. Comparative studies between UAE and 
CSE were carried out in terms of processing procedure 
and total carotenoid content. Moreover, RSM model 
was established to optimize UAE parameters.

2. materiaLs and methods

2.1. materials
Fresh carrots (Daucus carota) were purchased from 
the local supermarket (Vaucluse, France) and stored 

at 4 °C. Refined sunflower oil was obtained from ieS 
LABO, France.

2.2. Chemicals and reagents
Methyl-t-butyl ether (MTBE) and n-hexane (ana-
lytical grade), were supplied by VWR International 
(Darmstadt, Germany). Sodium chloride was also 
purchased from VWR International, Belgium. Sodi-
um hydroxide and petroleum ether (laboratory rea-
gent grade), were purchased from Fisher Scientific, 
UK. Methanol was of HPLC grade and was obtained 
from ACROS, USA. Dichloride methane (purity 
≥99.9%) was purchased from MERCK, Germany. 
The high quality β-carotene standard (95-99%) was 
provided by Sigma Aldrich.

2.3. apparatus and instruments
UAE was performed in one-liter toughened glass 
tank with UIP 1000hd high-power ultrasonic pro-
cessor (Hielscher Ultrasound Technology, Germany), 
equipped with one powerful ultrasonic transducer 
(20 kHz, 1000 W) and a versatile power meter which 
can change all important parameters during ultrasonic 
processing (Fig. 1). The double-layered reaction tank 
allowed water to circulate using a heating/cooling 
system to control the temperature in the medium. 
Considering the conversion of actual input power from 
the device to the dissipated heat in the medium, cal-
orimetric measurements were performed to calculate 
actual ultrasound power and the applied ultrasonic 
intensity (UI) was then calculated as 9.5, 16 and 22.5 
W cm-2, respectively.
A spectrophotometer (Hewlett-Packard 8453 spectro-
photometer, Palo Alto, CA) was used to measure the 
absorption spectra of the extracted carotenoid content.
All samples from ultrasound and non-ultrasound 
extraction were further analyzed using ultra-perfor-
mance liquid chromatography (UPLC) on an ACQUITY 
UPLC system (Waters Corp., Milford, USA) coupled to 
a 200-800 nm photodiode array detector (DAD) (Wa-

Fig. 1. Ultrasonic device.

ters Corp., Milford, USA) and a Bruker HCT Ultra Ion 
Trap mass spectrometry (MS) system (Bruker Daltonic, 
Bremen, Germany) for the identification of individual 
carotenoids. An ACQUITY UPLC C18 High Strength 
Silica (HSS) column (HSS T3, 1.8 lm, 150 x 2.1 mm) 
from Waters Corp. (USA) was used for separation of 
carotenoids.

2.4. Carotenoid extraction
Fresh carrots (85% water content) of 4 kg were dried 
for subsequent carotenoid extraction. Hexane was 
used as 11the organic solvent in carotenoid extrac-
tion of extracts with different compositions because 
of its nonpolar property. Dried fresh carrots were 
shredded and mechanically ground into fine pow-
ders using liquid N2, followed by passing through a 
No.60 mesh screen (0.25 mm), and then were divid-
ed into two portions, one (200 g) was poured into 

sunflower oil (1 l) and macerated over 6 h at room 
temperature in the dark, and the another (200 g) 
was put in hexane (1 l) and mechanically stirred in a 
conical flask at room temperature for one hour. The 
mixture was filtered via vacuum through glass mi-
crofiber paper, while the solid residue was collected 
and re-extracted with fresh hexane under the same 
conditions. After extraction, hexane was evaporated 
in a rotary evaporator and one liter of sunflower oil 
was transferred and mixed with the extracted carot-
enoids until the mixture totally dissolved.
To determine the optimal extraction conditions, 
the carrot to oil ratio was evaluated in function of 
total carotenoids content obtained by an ultrasonic 
extraction with sunflower oil as solvent. One liter 
of sunflower oil was placed into the reactor. Fresh 
shredded carrots, in varying ratios from 1:10 to 3:10, 
were directly added to the oil and then submitted to 
extraction. 1 ml of sample was collected from the 
mixture during each extraction process at 10 min 
intervals, and then filtered through glass microfiber 
paper to remove particulate residues before chro-
matographic analysis. In addition, the optimized 
extractions were performed at a frequency of 20 kHz 
with different ultrasonic intensity for one hour. All 
samples were finally analyzed by UPLC-DAD-MS.

2.5. Ultra violet (UV) spectroscopy analysis
The absorption spectra of the extracted carotenoid 
content were measured in a 1-cm optical path-length 
quartz cell using a spectrophotometer at 450 nm for 
β-carotene in each extract against the particular pre-
pared solvent (MTBE and n-hexane) used as a blank. 
The blank dosage was based on a proportional dilu-
tion of starting oil. The Beer-Lambert law was used 
to determine the carotenoid concentration in enriched 
sunflower oil from a calibration curve prepared us-
ing the β-carotene standard. The straight calibration 
curve of absorbance versus carotenoid concentration 
(mg L-1) was reliant on the Beer-Lambert law.
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2.6. experimental design
The further investigation of the performance of 
UAE was obtained by the response surface meth-
odology (RSM), using the Statgraphics XV® soft-
ware (Rockville, USA, 2000). In order to evaluate 
the relevance and influence of the operating pa-
rameters in extractions, a central composite design 
(CDD) was applied to analyze the main extracted 
carotenoids. Three controlled factors namely ultra-
sonic intensity (UI), temperature (T) and sonication 
time (t) were selected to evaluate.
The CDD application consists of a two two-level 
full factorial design (coded ±1), superimposed by 
center points (coded 0) and star points (coded ±α) 
located on variables axes at a distance α (α = 1 
in this case) from the center. The limit values of 
each variable range were chosen as function of 
limitations of ultrasonic apparatus (9.5, 16, and 
22.5 W cm-2), temperature of carotenoids extrac-
tion (which might degrade above 60 °C) and soni-
cation time according to practical reasons. Values 
are presented in Table 1 and involved a total of 
20 experiments; including six replications at the 
center point, each designated by the code value 
0, to evaluate experimental error measurements, 
and randomized according to a CCD configuration 
to avoid effects of extraneous variables. Variables 
were coded according to the following equation,

Xi =
  xi - x

-
i

	 Dxi

where Xi is the coded value, xi, the real value of 
a variable, x-i, the real value of a variable at the 
center point, and Dxi, the step change.

The surface response of data obtained were ana-
lyzed by ANOVA and presented by a standardized 
Pareto chart. The experimental and predicted val-
ues of β-carotene were compared in order to de-
termine the validity of the model.

2.7. UpLC-dad-ms analysis
Separation was carried out at 40 °C with an ACQUITY 
UPLC C18 HSS column. The UPLC-DAD-MS system 
was equipped with an automatic injector and the 
injections (10 ml) were performed several times in at-
mospheric pressure chemical ionization (APCI) mode.
A mobile phase of methanol containing 0.015 M 
ammonium formate (A), and acetonitrile with 0.02% 
formic acid (B) was used with the following elution 
gradient: 50% A and 50% B for the initial 10 min, 
40% A and 60% B at 10 min, 100% A and 0% B at 15 
min and then this volume ratio was kept for the last 
10 min. The flow rate was maintained at 0.4 ml/min 
and the detection was carried out at 450 nm. Com-
pass OpenAccess Software (Bruker Daltonic, Bremen, 
Germany) was used to control the mass spectromet-
ric instrument and to process data afterwards. The 
identification of major carotenoids in carrot extracts 
was carried out by comparing the retention times and 
absorption spectra.

3. resULts and disCUssion

3.1. Green Uae processing procedures
The innovative green UAE technique has brought 
benefits correspond to the six principles of green 
extraction, which summarized as renewable plant 
resources (carrots), a petroleum-alternative solvent 

Variables Ultrasonic intensity (UI) Temperature (T)  Time (t)

Coded levels -1 0 +1 -1 0 +1 -1 0 +1
Real values 9.5 16 22.5 20 40 60 5 20 35

table 1. sets of variables selected in the central composite design (CCd).

(sunflower oil), energy, time and cost savings, the 
biorefining concept (co-products or by-products 
replace waste), a more compact production unit 
and fewer individual operations (three steps) and 
a non-denatured bio-degradable product without 
contaminants (enriched oil), respectively. All these 
above-mentioned green components constituted 
this green ultrasound-assisted extraction procedure 
in its true sense, this was also tentatively proven by 
Veillet et al. and Japon-Lujan et al. [14,15].
Setting up the green extraction process in a pro-
duction plant involved the usage of alternative 
non-flammable, biodegradable and non-toxic sol-
vents. Edible vegetable oil has been reported to have 
potential as an alternative solvent or co-solvent in 
the extraction of desired compounds [16-19]. How-
ever, the limitation of using vegetable oil directly in 
extraction process was the difficulty of effectively 
analyzing the extract due to the medium’s relatively 
high viscosity. In addition, lipid oxidation and acidifi-
cation were needed to be strictly monitored and 

prevented throughout the process. Sachindra and 
Mahendrakar observed that the highest yield was 
obtained using sunflower oil as contrary to other 
vegetable oils [17], thus, sunflower oil was select-
ed as the alternative solvent in this work due to its 
greenness and convenience, as well as its ability to 
be enriched with extracted carotenoids when apply-
ing the ultrasound.
Fig. 2 clearly showed the complete extraction pro-
cess procedures for solventand ultrasoundbased 
techniques. As Fig. 2(a) showing, the CSE consisted 
of several individual operation steps, which would 
result in high input cost and energy-consumption. 
A large quantity of organic solvent used during the 
process would give rise to waste and hazardous sub-
stances that may have adverse effects on humans 
and the environment. A flow chart of the UAE was 
described in Fig. 2(b). The new green extraction pro-
cesses was not only making the previous intensified 
process more compact and safer and highly efficient, 
and also generating a large volume of co-products 

or by-products which would be used 
in other applications as well. As an 
instance, after the shredding step, 
the acquired juice may be used as 
a beverage via post-processing, the 
oil cakes obtained after the filtration 
step were generally used for animal 
fodder.

3.2. optimization of Uae with 
sunflower oil as solvent
3.2.1. Carrot to oil ratio
The UAE efficiency of using different 
carrot to oil ratios was compared in 
Fig. 3. It represented that ultrasound 
could effectively increase the kinetics 
of oil enrichment. This can be attribut-
ed to the fact that the collapse of the 
cavitation bubbles caused by ultra-

Fig. 2. processing procedures for (a) conventional solvent ex-
traction and (b) ultrasound assisted extraction based on the bio-
refinery concept.



9796

Eco-Extraction TransfrontalièreEco-Extraction Transfrontalière

t r a n s f r o n t a l i è r e [www.eet-alcotra.eu]

éco-
extractionc

t r a n s f r o n t a l i è r e [www.eet-alcotra.eu]

éco-
extractionc

sound will destroy the sunflower oil glands that will 
release the plant extract into the surrounding medi-
um. The concentration of extracted β-carotene nearly 
tripled as the carrot to oil ratio increased from 1:10 to 
2:10, while this increase was limited when the carrot 
to oil ratio subsequently rose up to 3:10. This may due 
to the fact that the sunflower oil became gradually 
more saturated so that the solubility of sunflower oil 
decreased. Thus, a carrot to oil ratio of 2:10 was se-
lected as the referenced optimum ratio for the follow-
ing experiments. Besides, it can also be noticed that 
80% of the extraction was completed just in 30 min. 
Therefore, 35 min was chosen as the maximum time 
limit in the following RSM modeling.

3.2.2. Optimal controlled parameters
Cavitation effects strongly depend on the operating 
parameters such as ultrasonic intensity, tempera-
ture, etc., which is crucial in an efficient design and 
operation of sono-reactors. Sutkar et al. concluded 
that an increase in ultrasonic intensity could lead 
to enhanced cavitational effects and an optimum 
intensity should be selected for a single frequency 
operation. Moreover, a relatively low temperature 
is recommended for an application where cavita-
tional collapse is the primary cause of the activation 
[20]. According to the UAE experiment planning, 
twenty experimental points were randomly ran, 
the coded values of independent variables and re-
sponses obtained in the multivariate study for each 
experiment are shown in Table 2. The responses 
varied widely in function of parameters setting of 
experiments (from 120.8 to 334.7 mg of β-carotene 
per liter of sunflower oil). Significance and suita-
bility of design were then studied using a variance 
analysis (ANOVA Table 3). With a confidence level 
of 95%, F-ratio (ratio of the mean squared error 
to the pure error) significance could be evaluated 
using the p-value column. Four effects were found 
significant (typed in bold) at a 95% confidence level 

in this ANOVA table, which could also be observed 
by a standardized Pareto chart (Fig. 4). The length 
of bars was proportional to the absolute magnitude 
of the estimated coefficients while the dashed line 
represents the minimum magnitude of statistically 
significant effects (95% of the confidence interval) 
with respect to the response. Remarkably, the line-
ar effects of two key variables (UI, t) appeared to be 
highly significant to β-carotene content, followed 
by the quadratic effect of the sonication time (t2) 
and temperature (T2), whereas the temperature (T) 
and cross product terms (T.t, UI.T, UI2, UI.t) showed 
less significant effects. The lack of significance of 
these terms suggests the absence of variable and 
interactions among variables. The experimental 
data obtained from the CCD was allowing to de-
termine an empirical relationship linking response 
studied (β-carotene) and key variables involved 
in the model, which is described by the following 
polynomial equations of fitted model, Y = -73.5696 
+ 3.29277UI + 7.83312T + 10.778t - 0.0979141T 2 - 
0.230581t 2 where the values of the variables are 
specified in their original units, Y is β-carotene 
(mg/L), UI represents the applied ultrasonic inten-
sity (W cm-2), t is the sonication time (min) and T 
is the temperature (°C). Linear effects of three key 
variables (UI, T and t) play a dominant role in this 

Fig. 3. Comparison of extracted β-carotene in 
sunflower oil by ultrasound in terms of carrot: oil 
ratio: (s) 10%, (n) 20%, (F) 30%.

equation, followed by the quadratic effect of the t2 

and T2. In other word, β-carotene extraction yield 
could be increased by decreasing quadratic effect 
of T2 and t2 and by increasing linear effects of UI, T, 
t, in which T showed no predominant influence in 
the Pareto chart.
The applied model appeared to be adequate for our 
experimental results at the 95% confidence level. 
More than 89.5% of the variability of responses 
was explained (R2 statistics >0.895), asserting a 
good accuracy and ability of the established model 
within the limits of the range used [21]. R2

sdj is the 
adjusted regression coefficient for the number of 
coefficient involved in the model; it allowed com-
parison between models with different numbers 

of independent variables, as well as testing the 
level of suitability to the regression coefficient. Its 
value (>0.80) implied a high degree of correlation 
between observed and predicted data from the re-
gression model.
According to the evaluated response surfaces, 
the same effect has been noticed with UI, T and t. 
Thus, the values finally selected correspond to the 
maximal values chosen to define the experimental 
domain. The optimal parameters for β-carotene 
maximization were 22.5 W/cm2 for ultrasonic inten-
sity, 40 °C for temperature and 20 min for sonication 
time. A validation study was conducted using these 
optimal conditions to assess the predictive ability 
of the models. The experimental value showed that 

Number of experiments Responses
  
  UI (W/cm-1) T (°C) t (min) β-carotene
     (mg/L)

 1 9.5 40 20 238.5
 2 22.5 20 35 198.55
 2 16 40 20 247.71
 4 16 40 5 191.22
 5 16 40 35 245.7
 6 16 40 20 240.55
 7 9.5 20 35 200.33
 8 9.5 60 5 130.21
 9 22.5 60 5 170.3
 10 22.5 40 20 334.74
 11 9.5 20 5 120.78
 12 16 40 20 246.8
 13 16 40 20 247.57
 14 16 60 20 223.17
 15 22.5 60 35 200.7
 16 16 40 20 245.98
 17 22.5 20 5 150.34
 18 16 20 20 215.55
 19 9.5 60 35 150.78

 20  16  40  20  247.6

table 2. Variables involved in the CCd and response obtained for β-carotene.
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β-carotene (334 mg/L) obtained under optimized 
conditions was nearly the same as the predicted 
values (334.74 mg/L). This implied that the response 
surface modeling is effectively applied to predict 
ultrasound-assisted carotenoids extraction with 
sunflower oil as solvent. Saez et al. also found that 
as ultrasonic intensity increases, the yield of reac-
tion rises up to threshold value and then decreases 
so as to get the optimum ultrasonic intensity [22].

3.3. Comparison of Uae (sunflower oil as sol-
vent) and Cse (hexane as solvent)
On the basis of the above-mentioned preliminary op-
timization studies, a comparison between UAE using 
sunflower oil as solvent and CSE using hexane as 
solvent was initiated to validate the impact of ultra-
sound-assisted extraction under optimized conditions. 
With the reference UV-Vis spectrophotometric data, 
it is observe that UAE could dramatically increase to 
its highest yield (β-carotene of 334.75 mg/L) just in 20 
min while another comparative CSE experiment using 
hexane as solvent gave the similar β-carotene con-
centration of 321.36 mg/L after one-hour extraction. 
Furthermore, maceration with sunflower oil yielded 

far less than that of other two methods without ultra-
sonic assistance. These results demonstrated the po-
tential of using sunflower oil as alternative solvent in 
extracting carotenoids from fresh carrots. In addition, 
ultrasonic cavitation was having a positive influence 
on carotenoids extraction; where it is the only con-
trolled variable differed in both experiments.
The determination of carotenoid extracts in UAE and 
CSE have been carried out on an ACQUITY UPLC C18 
HSS column. Rapid and advanced spectra analysis 
provided by DAD-MS system makes the identifica-
tion of carotenoid easier and more accurate. The 
chromatograms shown in Fig. 5 correspond to carot-
enoids extracted by ultrasound and organic solvent 
(hexane), respectively. β-carotene, the main carote-
noid detected in carrot extracts by both ultrasound 
and conventional techniques, made up 97% of the 
total carotenoid content, while the other carotenoids 
identified, such as α-carotene, lutein and 9-cis-caro-
tene, were only present in small amounts.
By taken both chromatograms into consideration, 
more peaks would be identified in UAE than in CSE; 
moreover, the quantity of carotenoids extracted using 
ultrasound was similar to that yielded in conventional 
solvent extraction, this finding was coincided with the 
previous result (334.75 and 321.36 mg/L for UAE and 

Source Sum of squares Df Mean square F-ratio P-value

 T: temperature 17,5298 1 17,5298 0,03 
0,8591
t: sonication time 5438,69 1 5438,69 10,29 0,0094
Ul2 385,481 1 385,481 0,73 0,4131
UI,T 484,072 1 484,072 0,92 0,3611
UI,t 57,835 1 57,835 0,11 0,7476
T2 5228,95 1 5228,95 9,89 0,0104
T,t 737,088 1 737,088 1,39 0,2649
t2 8722,98 1 8722,98 16,51 0,0023
Total error 5284,52 10 528,452  
Total (corr,) 50305,5 19 

R2 = 89,49%, R2 (adjusted for Df) = 80,04%,

table 3. anoVa for β-carotene in the CCd,

CSE, respectively). Besides, no evidence was found 
for carotenoid degradation in ultrasonicated sunflow-
er oil. Sun et al. also reported that the ultrasonic deg-
radation of β-carotene is typically slow in comparison 
with more volatile aromatics that diffuse more readily 
into the cavitation bubble in an aqueous model [23].

4. ConCLUsion
 
Ultrasound-assisted extraction has been developed 
and demonstrated to be a green bio-refining tech-
nique to extract carotenoids from fresh carrots with 
various advantages in term of cost, time, energy and 
yield. Sunflower oil has been proven to be a ‘‘green’’ 
substitute for petroleum-based solvents that can be 

safely used in extraction. The technique elaborated at 
a laboratory-scale has shown its potential for applica-
tion at an industrial-scale in nutraceutical, cosmetic 
and food industries.
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materiaLs and methods

instrumentation:
•		HPLC	 analyses	 were	 performed	 with	 a	 Waters	

1525 Binary HPLC pump equipped with 2998 PDA 
and 2424 ELS detectors.

•		UAE:	high-power	probe	system	with	an	immersion	
titanium horn, frequency 19.5 kHz in a power 
range of 50-100 W. Extraction temperature: 
20 °C maintained constant with a thermostatted 
cooling bath.

•		Antioxidant	activity:	UV	analyses	(DPPH	tests)	were	
performed on a Cary 50Bio spectrophotometer 
(Varian) and ORAC test was performed using a 
Perkin-Elmer 2030 Multilabel Reader with 96-well 
black plates.

extraction procedure:
Finely milled roots (2 g) and solvent (50/100 ml of 
methanol or CD water solutions (β-CD or HPβ-CD, 

A one-pot ultrasound-assisted water extraction/
cyclodextrin encapsulation of resveratrol  
from Polygonum cuspidatum
S. Mantegna, A. Binello, L. Boffa, M. Giorgis, C. Cena, G. Cravotto 
aDipartimento di Scienza e Tecnologia del Farmaco, Università di Torino, 10125 Torino, Italy

resveratrol and polydatin (piceid) are phenolic stilbenes found to be the major polyphenols present in 
the root of Polygonum cuspidatum and are widely used in medicine and health products on account of 
their important biological activities. Conventional extraction methods are time consuming and require 
a large amount of solvent. the ultrasound-assisted extraction (Uae) could represent an efficient and 
eco-friendly alternative process. all the conventional protocols used to purify stilbene compounds are 
lacking in sustainability and are far from what would be expected by process intensification strategies. 
the relatively high hydrophobicity of resveratrol and its sensitivity to external agents constitutes 
a serious problem for its formulation, manipulation and bioavailability. Cyclodextrins (Cds) are well 
known for their ability to form inclusion complexes between bioactive compounds and their peculiar 
hydrophobic cavity, resulting in a increase of solubility, stability and bioavailability of the guest 
compound. in this work the Uae of P. cuspidatum roots was combined with the Cds encapsulation of 
resveratrol and polydatin in one step. 

1.5% w/w) were introduced into a three-necked 
pear-shaped 250 ml flask and the mixture was stirred 
at room temperature for 3 h or treated under US 
irradiation for 1 h at 20 °C. US extraction started with 
a preliminary hard treatment of 5 min at 100 W for 
an effective cell wall disruption followed by a second 
step of 55 min at 50 W for an efficient mass transfer.

From left; β-CD and HPβ-CD extracts.
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hpLC analyses and antioxidant activity:
Column: Luna C18 (5 μm, 250 mm × 4.6 mm; 
Phenomenex) Mobile phase: 0.4% formic acid in 
Milli-Q water (A) and acetonitrile (B). 
Gradient program: from 15% B up to 20% B over a 
0-20 min period, from 20% to 40% B over 20-40 min, 
from 40% to 100% B over 40-60 min, followed by a 
100% B step over 60-65 min.

ConCLUsions

The extract obtained with a β-cyclodextrin water 
solution maintains the same radical scavenging 
activity and antioxidant capacity as the methanol 
extract. Moreover β-CD, if present in the final extract, 
could be a useful tool in improving the solubility, 
stability and bioavailability of resveratrol as an 
ingredient in foods. The combination of UAE and the 
capability of cyclodextrins to form inclusion complexes 
allow the use of water as the extraction media. The 
freeze-dried or spray-dried extract powder is an 
excellent active component for food supplements or 
phytochemical preparations.

Fig. hpLC chromatograms of Uae: β-Cd soL 
extract (a) and methanol extract (b).

extraction conditions and yields (arevage of 
triplicate experiments.

dpph eC50 values and oraCp values for the two 
extracts obtained by Uae with methanol an β-Cd 
solution with 1:50 plant/solvent ratio and for 
resveratrol taken as reference copound.

ULtrasoUnd-assisted extraCtion
Seed powder (20 g) and n-hexane (400 mL) were 
placed in a cylindrical reactor (700 mL). US-titanium 
horn is dipped for about 2 cm below the level of the 
liquid. A weak nitrogen stream has to be applied 
to extract polyunsaturated fatty acids (PUFA)-rich 
oils. The mixture was sonicated for 30 min at 80 W. 
Temperature increased to 50°C in 10 min and kept 
constant by a cooling system. 

mW-assisted extraCtion
Six aliquots of seed powder (20 g) and n-hexane 
(50 mL × 6) were placed in six closed vessels (90 mL, 

Extraction of kiwi seed oil: Soxhlet versus 
four different non-conventional techniques
G. Cravottoa, C. Bicchia, S. Mantegnaa, A. Binelloa, V. Tomaob, F. Chematb

aDipartimento di Scienza e Tecnologia del Farmaco, Università di Torino, 10125 Torino, Italy
bUniversité d’Avignon et des Pays de Vaucluse, INRA, UMR408, 84000 Avignon, France

Kiwi seed oil has a nutritionally interesting fatty acid profile, but a rather low oxidative stability, 
which requires careful extraction procedures and adequate packaging and storage. Conventional 
extraction processes are time-consuming and laborious; they require large volumes of solvents and 
may cause thermal decomposition of some target molecules and partial loss of volatiles. the use of 
Us to extract lipidic fraction and flavours from plants gives great advantages in terms of both time 
saving and quality of the extracts, acelerating the release of organic compounds contained within 
the plant body by disrupting cell walls and enhancing mass transfer. microwave (mW) heating of 
fresh plant material is a simple way to obtain a hydrodistillation-like product of essential oils. it can 
also strongly enhance extractions with organic solvents either mW-absorbing or transparent. mW-
assisted extraction requires less solvent and less time, producing better products at lower costs. 
mW-integrated soxhlet (mis) is a new multi-mode/open vessel lab-station for a rapid and complete 
extraction of fats and oils. supercritical fluid extraction (sFe), replaces common organic solvents 
with a gas (typically Co2) that, under supercritical conditions (sC-Co2), behaves like a non-polar 
solvent. due to its good solvent and transport properties (low viscosity and high diffusivity), sC-Co2 
seems to be one of the best candidates for extraction of natural compounds.
a comparison between Us-assisted extraction, mW-assisted extraction (mae), sC-Co2-sFe, mis 
and conventional soxhlet extraction to obtain the oil from kiwi seeds with n-hexane is discussed 
here.

thermowells – Milestone) to which 50 mg of charcoal 
(excellent MW adsorbent) were then added to heat 
the samples. All vessels were irradiated with MW for 
20 min at 80°C. 

sUperCritiCaL Co2 extraCtion
SFE was run with a high-pressure through-flow 
apparatus (SCE-100, Separeco – Italy) with 
supercritical carbon dioxide (SC-CO2). Samples 
(150 g) were placed in the extractor (300 mL) and 
hermetically sealed. Gaseous CO2 was compressed 
and stored in a storage vessel. The SC-CO2 was 
pumped into the extractor to soak the seeds powder 
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at 400 bar and 35°C for about 1 h. After extraction, the 
oil mixture and CO2 was pumped into the separator 
and depressurised. The oil was separated from the 
evaporating CO2 and collected in a cooled container. 
The whole cycle entailed about 2.5 h.

ConVentionaL soxhLet extraCtion
Samples (30 g) were extracted with 300 mL of 
n-hexane under reflux for 4 h. Thereafter, the cellulose 
cartridge was cooled to room temperature in a 
desiccator and its content milled before transferring 
it again in the thimble. The above procedure was thus 
repeated during 2 h until a total extraction time of 8 h 
(4 + 2 + 2 h). 

mis extraCtion
Weflon® particles were placed in the base vessel 
and a Teflon® filter support was added. The sample 
(30 g) was loaded onto the support and 300 mL of 

n-hexane were added to cover the sample. The base 
vessel was then assembled in the MW oven. The 
condenser was placed on the extraction tube and 
the system started. The solvent was heated up to 
the boiling point by MW and stirred with a Weflon® 
magnetic stirrer under reflux. After 13 min, the level 
of the solvent is lowered below the sample thanks 
to the opening of the three-way valve. Repeated 
washing with only clean warm solvent followed 
the extraction from the sample. Each extraction has 
been performed at least three times. 
Although solid/liquid ratio is an important factor 
affecting extraction efficiency, it is difficult to compare 
different techniques with the same ratio. Optimised 
conditions inevitably bring different solid/liquid 
ratio and different extraction times. To evaluate 
the oxidative degradation in kiwi seed oil, sensory 
evaluation of five samples extracted by either MW, 
US, SC-CO2, MIS or Soxhlet was conducted by 12 

trained panelists using a 5-point hedonic scale (5 
means absence of off-flavours and 1 corresponds to 
the greatest detectable presence of off-flavours).

ConCLUsions

The intensification of extraction processes of oils, 
flavours or bioactive compounds, which means 
improving their efficiency and cutting down energy 
consumption, requires more automation and non-

conventional energy sources, as well as new, 
efficient and scalable protocols to be implemented 
in semi-continuous flow reactors. We showed that 
the extraction of kiwi seed oil under US, MW, SC-
CO2 and MIS is fast, efficient and safe. The seasonal 
overproduction of green kiwi fruit offers a huge 
availability of seeds at a very low cost. Nutritional 
and cosmeceutical properties of kiwi seed oil are 
mainly due to its high content of omega-3 fatty acids 
of the oil (about 60%).
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Ultrasound-assisted extraction of clove buds using batch- 
and flow-reactors: a comparative study on a pilot scale
L. Alexandrua, G. Cravottoa, L. Giordanaa, A. Binelloa, F. Chematb

aDipartimento di Scienza e Tecnologia del Farmaco, Università di Torino, 10125 Torino, Italy
bUniversité d’Avignon et des Pays de Vaucluse, INRA, UMR408, 84000 Avignon, France

the design of more efficient extraction processes that may address the requirements of process 
intensification and energy consumption reduction has been an important research topic in recent 
years. safety, sustainability, environmental and economic factors are all forcing industries to turn 
to non-conventional technologies and greener protocols. Ultrasound (Us) can be considered a 
green technique as it helps to greatly accelerate the extraction process and reduce total energy 
consumed. the final extract is more concentrated in soluble material which makes it easier to 
handle and reduces the need for additional process steps. the method is clean, and thanks to the 
low bulk temperature and the rapid execution, usually it does not degrade the extract. it leaves no 
residue in the extract and uses no moving mechanical parts inside it, preventing the occurrence 
of any pollution. it also offers advantages in terms of productivity, yield and selectivity, improves 
processing time, enhances quality, reduces chemical and physical hazards and is environmentally 
friendly. Cloves are one of the most ancient and highly prized spices from the orient and are widely 
recognized all over the world for their medicinal and culinary qualities. this study will assess the 
efficiency of both batch and flow ultrasonic reactors (20 L in 45 min) in carrying out the ultrasound-
assisted extraction (Uae) of dry clove buds and compare these more recent methods with classic 
maceration.

maCeration (m): Ground clove samples (1 kg) 
were dispersed in 20 L of ethanol/water (1:1, v/v) in 
a stainless steel cylindrical vessel under mechanical 
stirring (15 min). The suspended material was 
macerated for 15 h atroom temperature.

BatCh Uae proCedUre (Uaeb): Ground clove 
samples (1 kg) were dispersed in 20 L of ethanol/
water (1:1, v/v) under mechanical stirring (15 min) 
and then subjected to UAE for 45 min using a 25 L-US 
batch reactor (R.E.U.S. — France). The pilot reactor 
was equipped with a vibrating plate (frequency 25 

multi-horn flow reactor.
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kHz, effective power 360 W measured in water, power 
density 18 W/L) mounted onto the bottom of the 
reactor. Sonication was combined with mechanical 
stirring (60 rpm); the temperature rose from room 
temperature to 28-30 °C after 45 min.

FLoW Uae (Uaef): Ground clove samples (1 kg)
were dispersed in 20 L of ethanol/water (1:1, v/v) 
under mechanical stirring (15 min) in a stainless steel 
cylindrical vessel equipped with a liquid inlet at the 
top and an outlet valve at the bottom. The suspension 
was subjected to UAE using a multi-horn flow reactor 
(four horns, 21.0 kHz). Particles were maintained in 
suspension because of the turbulence generated by 
the circulation at all three flow rates. The total volume 
of the four PTFE cavities in which the horns were 
immersed is 500 mL. The system enables power to 
be varied up to a maximum of 1 kW. Three flow cycles 
(450, 900, 1350 mL/min) were tested by varying the 
speed of the peristaltic pump for an overall time of 45 
min. The effective power measured in water was 350 
W and the power density was 700 W/L.

ConCLUsions

The application of flow UAE to process intensification 
hinges on the development of large-scale multiple 
transducer reactors operating at high power density. 
The higher yield and total phenolic content of crude 
extracts, not to speak of the excellent antioxidant 
activity, have all proved that dried clove buds can be 
easily and efficiently extracted using flow UAE.

extraCtion oF phenoLiC CompoUnds:
samples of grapevine wastes (GVs= grapevine 
shoots; GL= grapevine leaves; GM= grapevine marc) 
were extracted as follows:
1. maceration with ethanol for 24 hours at room 

temperature; 
2. MAE with ethanol, ethanol/water 50:50 (v/v %), 

acetone and butanone at 60°C for 30 min, power 
(1.5 kW), under nitrogen pressure (5 bar); 

3. UAE with ethanol, 1.5% β-cyclodextrin (β CD) 
solution for 5 min at 100 W and 30 min at 80 W. 

samples of hazelnut skins (HS) were extracted as 
follows: 
1. Maceration with methanol/water and acetone/

water 80/20 (v/v %) for 24 hours at room 
temperature; 

2. MAE with methanol/water and acetone/water 
80/20 (v/v %) for 20, 30 and 40 min at 60°C, 

Efficient green extraction of polyphenols from post-
harvested agro-industry vegetal sources in Piedmont
L. Alexandrua, A. Binelloa, S. Mantegnaa, L. Boffaa, F. Chematb, G. Cravottoa 
aDipartimento di Scienza e Tecnologia del Farmaco, Università di Torino, 10125 Torino, Italy
bUniversité d’Avignon et des Pays de Vaucluse, INRA, UMR408, 84000 Avignon, France

it is well known that all agro-industrial production generates waste. many by-products of different 
vegetal sources are now routinely diverted from the waste stream and turned to beneficial use. 
plants and their products have always played a pivotal role in human health by satisfying various 
essential needs, ranging from foods to medicines. even if piedmont is known as one of the top wine 
regions in the world, hazelnuts, another typical product, are also held in remarkable esteem. Both 
the bulk of grapevine waste, such as vine pruning, grape stalks, marc (skins and seeds), and hazelnut 
skins are becoming more and more valued worldwide for their richness in active phytochemicals. 
our investigation is focused on the feasibility of extracting polyphenols from grapevine waste and 
hazelnut skins (roasted material) from post-harvest products that originate in piedmont. Ultrasound-
assisted extraction (Uae) and microwave-assisted extraction (mae) were used to achieve process 
intensification in shorter extraction times, with lower environmental impact and higher selectivity 
compared to classic maceration.

antioxidant capacity of the different hazelnut skin 
extracts

*Antiradical activity is expressed as a mean (n=4) of EC50 
values (mg of dry extract/mL of solution). SD (standard 
deviation)
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power (1.5 kW), under nitrogen pressure (5 bar); 
3. UAE with methanol/water and acetone/water 

80/20 (v/v %) for 5 min at 100 W, 20, 30 and 40 
min at 80 W. 

 All extractions were performed using a plant / 
solvent ratio of 1:10 (w/v).

ConCLUsions

Both UAE and MAE strongly improved polyphenols 
extraction compared to maceration. The relationship 
between phenolic content and antioxidant capacity 
can be influenced by the presence of other non-
phenolic reducing agents. MAE of polyphenols from 
grapevine shoots and leaves in EtOH yielded the 
highest content, while the extraction from grape 
marc gave comparable results by UAE and MAE. Both 
techniques gave excellent results with hazelnut skins, 
whose outstanding antioxidant power is noteworthy. 
Undoubtedly, the use of UAE and MAE methods 
can enhance polyphenols recovery and antioxidant 
capacity with respect to maceration.

total phenolic content (Gae mg/g d.w.) of grapevine 

waste 

total phenolic content (Gae mg/g d.w.) of hazelnut 

skins

antioxidant capacity of the different grapevine 

extracts

hydrodistiLLation

An aliquot of 100-300 g dried material was placed 
in the steam distillation system. Each distillation 
lasted 105 min, including 45 min in which the leaves 
or flowers were steamed by the boiling water in the 
glass balloon, previous tests made with longer times 
have not led to an increase in EO yields. The 45 min 
distillation time started when the first drop of liquid, 
condensed in the cooling column, dropped into the 
graduated burette.

in sitU miCroWaVe-Generated 
hydrodistiLLation (mGh)

The plant material was placed in a 4 L beaker, 
covered with a polypropylene lid with a central 
hole connected via a glass tube to the external 
condenser. The latter was connected to a chiller, 
with a circulating fluid maintained at around 5-6°C. 
An aliquot of 100-300 g dried material was placed in 
a 4 L Pyrex® glass beaker and put in the microwave 
oven. Dried leaves or flowers were previously 
rewetted under slight steam flow by means of 
a commercial domestic device equipped with a 
flow regulator (calculated swelling: 2 mL g−1). Each 
distillation lasted 45 min, including 20 min in which 

Effect of microwaves on the in situ hydrodistillation 
of four different Lamiaceae
A. Binelloa, L. Orioa, G. Pignatab, S. Nicolab, F. Chematc, G. Cravottoa

aDipartimento di Scienza e Tecnologia del Farmaco, Università di Torino, 10125 Torino, Italy
bDipartimento AGROSELVITER, VEGMAP, Università di Torino, Grugliasco, Italy
cUniversité d’Avignon et des Pays de Vaucluse, INRA, UMR408, 84000 Avignon, France

the development of alternative techniques to classic hydrodistillation (hd) has been prompted 
because of the drawbacks of the more traditional technique. these drawbacks include: partial 
thermal degradation, high energy consumption and the fact that it is a time-consuming process. 
In situ microwave-generated hydrodistillation (mGh) and microwave hydrodiffusion and gravity 
(mhG) are suitable methods which may improve the preparation of essential oils (eo). in mGh, 
molecular motion within polar or ionic components causes heating. the rapid delivery of energy to 
the sample allows the temperature to rise rapidly in the plant cell and, after cell membrane collapse, 
the essential oil is released and carried away by the water vapor; the condensation and collection of 
the product, followed by eo isolation conclude the extractive operation. mhG combines microwave 
heating and earth’s gravity at atmospheric pressure. thanks to hydrodiffusion and earth’s gravity, 
the extract can drip out from the microwave reactor, falling through a perforated pyrex disc and 
is cooled by a cooling system; water and essential oils are collected and easily separated into a 
suitable vessel, traditionally called the “Florentine flask”. in this work, we report a comparison 
study of hd, mGh and mhG used in the extraction of four plant species cultivated in piedmont (italy): 
lavender, oregano, basil and sage.
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the material was steamed for plant rehydration. The 
20 min distillation time started when the first drop 
of liquid, condensed in the cooling column, dropped 
into the graduated burette.

miCroWaVe hydrodistiLLation and 
GraVity (mhG)

100-300 g of dried leaves or flowers are placed on a 
grid and put in a modified 4 L Pyrex® glass beaker 
with a hole at the bottom, put in the microwave 
oven and connected to an external round bottom 
flask with a condenser. The latter was connected to 
a chiller, with circulating fluid, maintained at around 
5-6°C. Dried materials were previously rewetted 
under slight steam flow by means of a commercial 
domestic device equipped with a flow regulator 

(calculated swelling: 2 mL g−1) and kept wet with 
this steam flow during microwave irradiation. Each 
distillation lasted 45 min, including 20 min in which 
the leaves were steamed for the plant rehydration. 
The 20 min distillation time started when the first 
drop of liquid, condensed in the cooling column, 
dropped into the round bottom flask below the oven.

Considerations oF mGh and mhG

Microwaves have the peculiarity of deeply 
penetrating the vegetal matrix, reducing heating 
times and thus it is a fast and green technology for 
the solvent-free extraction of naturally occurring 
aromatic compounds. Most likely, the presence of 
a continuous vapor stream during the MHG process 
confirms the main role of the “hydrodiffusion” 

The EO extracted by MGH, MHG 
and HD are all rather similar in 
their composition. In general, a 
similar number of volatile secondary 
metabolites was found in the essential 
oils techniques, but there are some 
differences in their relative amounts.

phenomenon in the extract composition that may 
intensify the effect of microwave irradiation, the fact 
that MGH procedure involves the rewetting of the 
dried material only prior to extraction and not during 
microwave irradiation probably determines the low 
percentage of linalool (6.80 %) we found. With MHG 
it is possible to obtain EO in a more concentrated 
volume, free from contaminants degradation 
products and artefacts due to long heating.

ConCLUsions

The constant evolution of microwave-assisted 
extraction techniques strongly enhance the quality 
of EO and of the process itself giving it a lower 
environmental impact. MGH and MGH extractions 
are more advantageous than HD in terms of overall 
costs and energy (HD: 1,5 kWh and 1200 g CO2; 
MGH: 0.25 kWh and 200 g CO2; MHG: 0,2 kWh and 
160 g CO2). EO composition profiles from MHG and 
HD are normally super-imposable, while different 
selectivity occurs in MGH because it uses a lower 
amount of steam. 
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Process Intensification in Plant Extraction
under high-Intensity Ultrasound
Giancarlo Cravotto*, Stefano Mantegna, Lavinia AJexandru, Arianna Binello 
and Luisa Boffa
* Dipartimento di Scienza e Tecnologia del Farmaco, University ofTorino, Via P. Giuria 9, 10125 Torino, Italy.

A process intensification in plant extraction can be 
achieved with flow-processes under ultrasound in 
suitable reactors at very high power density. Under 
these harsh conditions a rapid cell wall disruption 
is observed, avoiding a bulk heating and any ther-
mal degradation. In fact the permanence time of 
the plant material in the flow multi-probe reactor 
is comprised from 20 to 40 sec. When longer times 
are required, temperatures can be kept constant 
by circulating a cooling fluid through the dou-
ble-walled reactor. With this technique the extrac-
tion can be performed in water which conveys the 
ultrasonic waves and disperses the phytochem-
icals by cell wall disruption (figures). The solvent 

can be therefore somehow be replaced by a simple 
green liquid medium. After quick acoustically aided 
filtration of the suspended cytoplasmatic material, 
the mixture is concentrated to a reduced volume 
under vacuum
and subjected to spray drying or freeze drying. Dif-
ferent plant materials have been subjected to this 
innovative extraction affording flavours and phyto-
complexes that fully preserves the organoleptic, 
chemical, biological and functional properties of 
the original plant. Extract yields and analytical pro-
files will be presented and compared to
those obtained with classic maceration and batch 
US-assisted extraction.

Figure i: plant particles size before and post Us-treatment
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Green extraction techniques 
for high-quality natural products
Giancarlo Cravotto*, Arianna Binello, Laura Orio 

*Corresponding author
University of Torino, Dipartimento di Scienza e Tecnologia del Farmaco Via Giuria 9, Torino, 10125, Italy

Keywords: Solventless extraction, mechanical expression, microwave-assisted distillation, microwave-assisted

hydrodiffusion, high-intensity ultrasound flow extraction.

the design of green, efficient and sustainable extraction methods has been a hot research 
over the last decade. several technologies are available and the best method to use depends 
on the desired chemical and organoleptic characteristics of the final product, its commercial 
value and annual production size. We here present three green techniques for the production 
of high-quality oils, flavours and phytocomplexes which are based our own direct experience 
and are applicable to any reasonable production scale. these continuous or semi-continuous 
methods are: cold extraction with modern screw-presses, microwave-assisted distillation 
and gravity hydrodiffusion and a new flowprocess under very high power density ultrasound.

introdUCtion

Strangely, maceration and hydrodistillation still 
remain the most common extraction techniques 
for natural products in the third millennium. Con-
ventional extraction processes are quite labori-
ous, time-consuming, involve large amounts of 
solvents and, ultimately, may cause some target 
molecule degradation and the partial loss of vol-
atiles. Great improvements can be achieved with 
the use of nonconventional techniques such as 
supercritical CO2 extraction, ultrasound-assisted 
extraction (UAE) and microwave-assisted extrac-
tion (MAE) (1-3). Other recent green extraction 
techniques of note are: extraction with subcrit-
ical water (4) and instant controlled pressure 
drop (DIC) (5). The main advantages of UAE and 
MAE are the large reduction in extraction time, 
the higher yield of oils and active principles, 

Figure 1. Continuous screw press (30 Kg seeds/h).
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improved selectivity and the higher stability and 
organoleptic quality of the extracts. Each matrix, 
however, needs to have its operating conditions 
carefully optimized in order to achieve high qual-
ity standards and yields. Efficient cost effective 
extraction is often not only a matter of tech-
nique and operating conditions, in fact the type 
of equipment (reactor, oven, press) can strongly 
affect the result. With the aim to present few re-
cent advances in the field of green technologies 
for plants extraction, we report herein three dif-
ferent methods that share the high quality of the 
product obtained.

an oLd, eVer “Green” method:
meChaniCaL expression

High-quality oils for nutritional and cosmetic ap-
plications can be obtained using modern screw 
presses and oil sedimentation or filtration puri-
fication techniques. The mechanical expression 
of oil from oil seeds has relatively low initial and 
operational costs and produces uncontaminated 
oils (6). However, the production of cold pressed 
oils requires excellent know-how and due atten-
tion must be paid during the entire production 
chain work. Furthermore, all improper raw mate-
rial has to be discarded. The critical points are: 
correct harvesting time, storage under controlled 

moisture and temperature conditions, pressing 
of the raw material with a current-generation 
screw press and quick purification of the resulting 
oil (7). As part of an on-going research project in 
collaboration with an industrial partner, (8) three 
oils with outstanding organoleptic properties 
obtained with screw presses (Figure 1) were an-
alysed and then compared to that obtained via 
conventional hexane extraction. The extraction 
yield, although inferior to the Soxhlet method, 
ranged from 18 percent for sapote oil to 9 percent 
for baobab oil and to 3 percent for wheat germ oil.
A considerable amount of nutritional oil compo-
nents is lost during conventional extraction and 
refining processes, while mechanical expression 
fully preserves bioactive compounds naturally 
present in the seed.
Very few studies have been published on mamey 
sapote (Pouteria sapota Jacq.), a tropical fruit 
originally from Central America. The seed oil is 
used in soap, unguents, hair conditioners and as a
lenitive for eyes and ears. The literature data on 
fatty acid composition and chemical character-
istics of this oil after its Sohxlet extraction with 
hexane (9) are similar to our data (Table 1). Nev-
ertheless, an evaluation, via sensorial analysis, of
samples extracted either with hexane or via me-
chanical expression gave the former an average 
value of 2.1, on a scale from 1 to 5, whilst the 
latter received the maximum value in all cases.
Baobab (Adansonia digitata) is a tree mostly 
found in the Northern part of Nigeria. Although 
they contain a relatively high level of antinutri-
ents, the seeds are considered edible. Nkafamiya 
et al. (10) and Osman (11) published studies on 
the seed oil obtained via petroleum ether sox-
hlet extraction. The oil is an excellent source of 
mono- and polyunsatured fatty acids (37 and 31.7 
percent respectively).
Table 2 shows our analytical data on the com-

table 1. Fatty acid profile percent and physi-
co-chemical  characteristics of sapote seed oil 
(screw press). 

Figure 2. Conventional and microwaveassisted 
hydrodistillation.

table 3. sterolic 
profile percent of 
wheat germ oil 
(screw press). 

table 2. Fatty acid and sterolic profiles percent of 
baobab seeds oil. 

table 4. main components in the essential oils of 
m. spicata var. rubra and m. spicata var. viridis 
“Casablanca” (fresh plant material) obtained by 
mah and hd.
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position of the oil obtained from the mechanical 
expression of the crushed seeds. Besides the 
higher sterol content we obtained a considerable 
amount of tocopherols: 23.4, 26.6 and 195.8 mg/
kg respectively for α-, d- and g-tocopherol.
Several authors have investigated the composition 
of bioactive compounds present in wheat germ oil 
and these include tocopherols, sterols and poly-
unsatured fatty acids (about 55 percent linoleic 
acid). Hassanein and Abedel-Razek (12) compared 
classic solvent extraction (where refining is usually 
needed) and mechanical pressing yields, the ratio 
is about 9:5. We can confirm this difference in ex-
traction yield, however, find it to be outweighed 
by the greatly superior proportion of organoleptic 
components and unsaponifiable fraction present in 
the mechanically pressed oil. This fraction includes 
a huge amount of tocopherols: 1726, 653 and 53 
mg/kg respectively for d-, g- and a-tocopherol and 
a valuable portfolio of phytosterols (triterpene al-
cohols, sterols and stanols, Table 3) (13).

the miCroWaVe-assisted 
hydrodistiLLation (mah) 
and miCroWaVe hydrodiFFUsion 
and GraVity (mhG)

Hydrodiffusion is a type of steam distillation where 
steam is fed in from the top of the vessel onto the 
botanical material instead of from the bottom as 
in normal steam distillation. In the last decade, all 
these techniques have been dramatically improved 
by means of microwave irradiation. A series of 
new dedicated equipments, developed by Prof. 
Chemat in Avignon in collaboration with Milestone 
Srl (Bergamo, Italy) (14, 15), is now commercially 
available. One of the main advantages of volumet-
ric heating is the reduction in extraction time which 
prevents the degradation of thermolabile compo-
nents and often provides more valuable volatile 

fraction and essential oils. All the relevant param-
eters are strictly controlled, making the extraction/
distillation processes extremely fast and repeata-
ble. Today, these green methods represent a new  
challenge in terms of sustainability, extraction time 
(seconds or minutes), cost, repeatability and final 
product quality.     
A comparative study of classic hydrodistillation 
(HD) and MAH techniques, was performed in our 
laboratory using two fresh mints cultivated in Pied-
mont: Mentha spicata var. rubra and Mentha
spicata var. viridis “Casablanca”. 
Although some differences were present, the re-
sults reported in Table 4 agreed literature data (16) 
and confirmed the advantages of MAH over classic 

Figure 3. multiprobe Us-assisted flow reactor (600 
W).

steam distillation in term of rapidity and repeata-
bility. Figure 2 shows both sets of equipment used 
for the hydrodistillations.

FLoW-proCess Under ULtrasoUnd
at Very hiGh poWer density

The third example of green extraction techniques 
is a new method of producing plant phytocom-
plexes that fully preserves the chemical, biolog-
ical and functional properties of plant cell content 
(17). The so-called “cold boiling” effect enhances 
mass transfer under US and avoids any heating 
of the bulk and therefore thermal degradation. 
The method consists of cell wall disruption using 
intense acoustic cavitation (high power density) 
in a flow multiprobe reactor (Figure 3). The most 
common medium for cavitational treatment is 
water which conveys the ultrasonic waves and 
disperses the phytochemicals by cell wall dis-
ruption. The solvent can be therefore replaced by 
a simple liquid medium. After quick acoustically 
aided filtration (15) of the suspended cytoplas-
matic material, the mixture is concentrated to a 
reduced volume under vacuum and subjected to 
spray drying using the residual plant debris as the 
inert material. This technique avoids the addition 
of adjuvants and maltodextrins and guarantees 
the full natural composition of the extract.
Using guaranà seed powder (ca. 300 mm of Paul-
linia cupana Kunth.) as the starting feedstock, we 
performed the extraction in water (ratio plant/me-
dium 1:10). The average temperature in the son-
ication compartments was 45-48°C. The powder 
suspension was mechanically stirred in a 20 Lt 
tank and was then pumped into a highpower US 
chamber (volume 300 mL) by a peristaltic pump. 
The reactor power density was about 200 W/100
mL, and the continuous flow treatment had a res-
idence time of 2-3 min; the suspension was then

rapidly filtered off by means of a simple US-aided 
filtration devise.
After preconcentration under vacuum, the filtrate 
was spray-dried with a Büchi Mini Spray Dryer 
B-290. A mix of the dried exhaust plant debris and 
whole plant powder could be used as the inert 
material. The HPLC analysis of the final product 
showed a caffeine content of about 8 percent.
The same procedure was used for Devil’s Claw 
root powder (Harpagophytum procumbens). The 
medium was a 8:2 water/ethanol mixture and 
a plant/liquid ratio of 1:12 was used. The tem-
perature was 41-43°C. The active principle, de-
termined as harpagoside, ranged from 2.0 to 2.3 
percent in content.

ConCLUsions

Techniques have been developed to obtain valua-
ble products from plant sources on pilot or indus-
trial scales and have been reported herein. Re-
cent trends in extraction techniques have largely 
focused on finding solutions that minimize, or 
even dispense with, the use of solvents. This, of 
course, must be achieved while also enabling pro-
cess intensification and the cost-effective produc-
tion of high quality extracts. The ideal technique 
to use depends on the desired chemical and or-
ganoleptic characteristics of the final product, its 
commercial value and annual production size. The
examples here reported offer a small glimpse of 
the huge technological effort that is being made 
and the manifold applications that are being de-
veloped.
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Green extraction techniques with highly efficient 
non-conventional reactors: a screening of second-
ary metabolites by lC-MS and GC-MS
Alexandru L.1, Binello A.1, Mantegna S.1, Chemat P.2, Cravotto G.1

1 University Of Turin, Faculty of Pharmacy, Turin (10125 ), Italy; 
2 Universite d'Avignon et des Pays de Vaucluse, Avignon, France

The design of efficient and sustainable extraction methods for vegetal matrices has been a hot research 
topic over the last decade. Nowadays, the tendency is to perform extractions using non-conventional 
techniques such as ultrasound-assisted extraction (UAE) and microwave-assisted extraction ( MAE). 
These eco-extraction techniques may lead to effective process intensification reducing the extraction 
time, improving selectivity and extraction yields. Conventional extraction processes are quite laborious, 
time- or energy-consuming, involve large amounts of solvents and may cause a high risk of degradation 
processes and the partial loss of volatiles. The efficiency of the proposed techniques will be shown by 
two independent studies that deal with different vegetal matrices and various analytical approaches. 
The aim of the first study was the design of a qualitative workflow strategy for screening the compo-
sition of marker fractions from little investigated crude. extracts obtained from the aerial parts of six 
endangered alpine plant species ( Cicerbita alpina, Asparagus acutifolius, Chenopodium bonus henricus, 
Levisticum officinale, Silene vulgaris, Spirea aruncus). The work was focused on a rapid MAE of phe-
nolics by means of a design of experiments approach followed by a rational use of various analytical 
tools (UHPLCPDA-TOF-MS and GC-MS) for the dereplication of crude extracts. For the first time in the six 
plants, a series of secondary metabolites were detected and/or unambiguously identified by selective 
algorithms of LC peak annotation. The second study compared classic extraction methods (maceration 
and hydrodistillation) with new highly efficient microwave and ultrasound reactors (batch and flow) 
for MAE and UAE of dry and fresh plants (Mentha sp., Eugenia caryophyllus, Actinidia deliciosa ). The 
volatile fractions were characterized by HS-GC/MS. This work was carried out under the auspices of the 
Alcotra Eco-Extraction Transfrontaliere project (France-Italy).


