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1.  Introduction 
 
 
Since ancient times, combinations of natural ingredients, mainly of plant 
origin have been used in order to produce perfumes. Traces of scented 
products were found in almost all ancient civilizations including Egyptian, 
Persian, Greek, Arab and Roman civilizations.[1] One key step for 
producing natural perfume ingredients is extraction from plant raw 
material. Traditional extraction techniques, such as cold-pressing, solvent 
extraction, hydrodistillation and more modern techniques such as 
supercritical CO2 extraction are, as detailed in chapter 1, currently used in 
the perfume industry.  Some techniques present drawbacks. For example, 
hydrodistillation results in a large energy consumption due to high 
distillation temperature (100°C) and long processing times. Solvent 
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extraction requires large amounts of solvents, generally produced from 
fossil resources and leading to residual traces of solvents remain in the 
extract. 
Sustainable-minded consumers became aware of the environmental 
drawbacks of chemical processes in general and in conventional extraction 
techniques, which led to distrust of ingredients with safety and ecological 
issues. This led, along with concepts of green chemistry and eco-extraction 
emerging, to the research and development of alternative and sustainable 
extraction techniques. The development of such alternative techniques 
aimed at proposing eco-conceived new fragrant ingredients are mainly 
studied along two lines: i) using alternative solvents that are safer and 
sustainable and produced from renewable biomass together and ii) 
developing innovative extraction intensification techniques.   
In this chapter, will be reported concepts and principles of green chemistry 
and eco-extraction will first be introduced in this chapter. Then, innovative 
sustainable extraction techniques will be detailed. Finally, a case study 
taken from one of our works and dealing with extraction of volatile 
compounds from Rosa centifolia using biobased solvents. 
 
2.  Green Chemistry and Eco-extraction 
The amount and of chemical products created, distributed, and released in 
the environment has reached 220 billion tonnes of chemicals were released 
in 2017 including 20% of greenhouse emissions.[2] This amount of 
released compounds, along with their extremely large diversity in structure 
and properties, is nowadays responsible for serious environmental and 
health issues.[3] In the 90’s, as an answer to this ever growing 
environmental footprint of chemistry, a new concept of so-called green 
chemistry emerged.[4] It was proposed together with 12 principles, paving 
the way to developing alternative, sustainable and environment friendly 
chemistry processes. Later on, this concept was extended to plant 
extraction by the creation of eco-extraction principles.[5] 
In the fragrance industry, a shift towards more sustainable processes 
started in the early 1980s when regulatory entities restricted, and even 
prohibited petroleum-based solvents in plant extraction processes, for 
health, safety, and ecological reasons.[6] 
 
 
 
 



Sustainable extraction of perfumery plant 

2.1. Green Chemistry 
 
Green chemistry is a general concept that was first defined by Anastas and 
Williamson in 1996.[4] As stated in their “Green principles” milestone 
book "Green chemistry is a set of techniques and methodology to reduce 
or eliminate the use or production of raw materials, products, co-
products, solvents, reagents... that are harmful to human health and the 
environment" [4]. This definition was further detailed in 1998 by Anastas 
and Warner with the introduction of twelve principles of green chemistry, 
as detailed 

Figure ,[7] acting as a general framework for the development of new 
sustainable chemical processes, taking into account all aspects of a process 
life cycle.  
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Figure 1: The twelve principles of green chemistry. Figure adapted from 
[7]. 
 
Green chemistry, or sustainable chemistry, emphasizes on the reduction of 
chemistry environmental impact through optimization of the energetic 
consumption of processes, recycling of both raw materials and by-
products created, waste reduction and lowering of health and 
environmental impacts of such processes, as well as reducing or 
eliminating use and generation of hazardous substances.[8] 
 
 
 
 
2.2 Eco-extraction 
 
Soon after the proposition of a new concept of green chemistry, the latter 
has been applied to a wide range of industrial sectors. Obviously, 
depending on the chemistry field it is supposed to be applied to, such as 
plant extraction, some of the twelve principles of green chemistry are not 
adequate, or out of the topic. For example, the 9th  principle of green 
chemistry, dealing with catalytic reagent, has been written for synthetic 
chemistry processes.[7] 
As an extension of green chemistry to plant extraction, concept and 
principles of eco-extraction were defined by a group of researchers and 
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professionals gathered in Grasse in January 2010. A very general 
definition was adopted: "Eco-extraction is based on the discovery and 
design of extraction processes in order to reduce energy consumption, but 
also the use of alternative solvents and renewable plant resources, while 
guaranteeing a safe and quality product/extract". Six principles of eco-
extraction were then proposed (Figure 2). These principles have not been 
identified as rules but rather as examples of innovation to follow.[5,9] 
They are listed here below: 
1) Encourage a reasonable use of plant renewable resources without over-
exploitation to prevent plant extinction because of overutilization.  
2) Ask researchers and industries to favour the use of solvents produced 
from renewable sources rather than petroleum-based ones.  
3) Reduction of energy consumption that can be achieved, for example by 
recovering heat released during solvent vapour condensation or by using 
activation methods such as ultrasounds.  
4) Promote creation of by-products instead of waste during the extraction 
process, in order to integrate further on a bio- or agro-refinery route.  
5) Encourage the use of more robust and controlled processes considering 
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.  
6) Favour the production of non-denatured and biodegradable extract 
without contaminants such as pesticides.[5] 
 
 

Figure 2: The six principles of eco-extraction. Figure adapted from [9] 
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Principles of green chemistry and eco-extraction are nowadays strong 
guidelines for the development of sustainable extraction processes. 
 
3. Innovative Techniques for Green Extraction 
 
Alternative innovative processes were progressively developed in order to 
satisfy to criteria of green chemistry and eco-extraction and in particular 
yield higher efficiency, reduce solvent consumption, and lower 
environmental and health impacts. Applied on traditional raw materials, 
such innovative processes also represent opportunities to create new 
products, with their own fragrances and qualities.[10]  
Several paths of innovation can be considered to improve the sustainability 
of extraction processes. For instance, the 5th and 7th principles of green 
chemistry together with the 2nd principle of eco-extraction encourage the 
use of safer solvents produced from renewable resources. In the light of 
the 6th principle of green chemistry for energy efficiency and the 3rd 
principle of eco-extraction for reduction of energy consumption, new 
extraction techniques, called intensification techniques, were developed to 
improve extraction processes.   
 
3.1 New solvents  
 
The efficiency of solid-liquid extraction is mainly conditioned by the 
nature of the solvent used: it should be selective, inert regarding the 
compounds to extract and volatile enough to be easily and safely removed 
at the end of the process.[10] 
As stated in the chapter 1, volatile organic solvents and in particular 
hexane and ethanol are very often used in perfumery plant extraction 
processes. The use of hexane and more generally of non-polar petroleum-
based solvents is in contradiction with the 7th principle of green chemistry 
and the 2nd principle of eco-extraction as they are produced from fossil 
resources. Therefore, alternatives solvents produced from biomass 
resources have been developed. Three kinds of alternative solvents would 
be introduced in this chapter: biobased solvents (BioSol), deep eutectic 
solvents (DES) and ionic liquids (IL). The first kind of alternative solvents, 
BioSol, are solvents produced from biomass resources, for example 
through fermentation process in the case of ethanol and 1-butanol or 
chemical transformation of biomass derivatives in the case of 2-
methyltetrahydrofuran (MeTHF) or cyclopentyl methylether (CPME). 
DES are a second family of alternative solvents and are a mixture of at 
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least two compounds exhibiting a significant decrease in the melting point 
of the mixture compared to the pure substances which makes its use as an 
extraction solvent possible. The last family of alternative solvent 
considered is the one of ionic liquids. ILs are salts composed with an 
organic cation and an organic or inorganic anions and exhibiting a low 
melting point, typically below 100°C.  
On the one hand, BioSol, DES and ILs can be considered as more 
sustainable than organic solvents because their production from renewable 
bioresources comply with the 7th principle of green chemistry and the 2nd 
principle of eco-extraction. But on the other hand, there is several other 
criteria that a solvent must meet to be classified as “green” or sustainable. 
There is no clear definition of a “green” solvent, but several methods were 
studied previously in order to evaluate the sustainability of a solvent. In 
2013, Gu and Jérôme proposed twelve criteria to be met by a solvent to be 
qualified of ‘green’.[11] Several environmental, health, and safety (EHS) 
assessments of solvents were previously proposed by pharmaceutical 
companies Pfizer [12], Sanofi [13], and GlaxoSmithKline (GSK).[14] A 
guide, proposed by GSK, is nowadays one of the more important and 
complete method for solvent EHS assessment of a solvent adopting a life 
cycle approach.[15].  
 
3.1.1 Biobased solvents 
 
As alternative to solvents produced from petroleum resources, several 
BioSol were developed and among them ethanol, 1-butanol, 2-
methyltetrahydrofuran (MeTHF), cyclopentyl methyl ether (CPME), 
cyrene, γ-valerolactone.[16] However, the constraints of extracting 
odorous compounds reduce the list of BioSol used in the perfumery field. 
Solvents generally useful for perfumery are apolar and volatile to be 
remove after plant extraction.[10] 
In this section selected BioSol used in perfumery will be introduced, 
namely ethanol, 1-butanol, 2-methyltetrahydrofuran (MeTHF) and 
cyclopentyl methyl ether (CPME). These solvents are moderately polar to 
non-polar solvents and exhibit boiling point relatively low to be remove 
by evaporation after extraction. Names, structure, production method and 
hydrophobicity in terms of octanol water partition coefficient for these 
solvents are presented in Table 1.  



Chemistry of flavours and fragrances 
 

Table 1: Names, structure, production method and hydrophobicity of some 
biobased solvents  

Name Structure Octanol-water 
partition LogP 

Production 
method 

Ethanol 
 

-0.31 [17] Sugars 
fermentation 

1-Butanol  0.88 [17] Sugars 
fermentation 

2-
Méthyltetrahydr
ofuran (MeTHF)  

1.01 [18] Hydrogenation 
of furfural 
from 
lignocellulosic 
biomass 

Cyclopentyl 
methyl ether 
(CPME)  

1.65 [19] Furfural 
rearrangement 

 
Ethanol 

Ethanol is one of the most popular solvents that could be produced from 
biomass. In 2022, the amount of ethanol produced worldwide reached 107 
billion litres.[20] In addition, ethanol can be used to produce apolar 
solvents such as benzene, toluene, and xylene by acid-catalyzed 
oligomerization.[21] 
In one process, ethanol is prepared through an acid-catalysed reaction of 
hydration of ethylene,  a petrochemical compound.[22] Alternatively, 
ethanol is produced through biomass fermentation. Resulting ethanol is 
often called bioethanol. Feedstocks used for this fermentation are either 
rich in saccharides such as sugarcane, sugar beets, corn, molasses, potatoes 
or rich in starch such as wheat, barley, oat or rice. Ethanol can also be 
produced from lignocellulosic materials such as agricultural wastes and 
woody materials.[23] Pretreatment of biomass prior to fermentation is 
crucial, and differs from one biomass to the other. Such processes are 
presented in Figure 3. 
 

OH

OH

O

O
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Figure 3: Differents processes for ethanol according to the biomass used. 
Figure adapted from [23]. 
 
Production of bioethanol using microorganisms requires fermentable 
sugars typically 6-carbon sugars which can be converted into ethanol. 
Therefore, biomass containing high level of glucose such as sugarcane or 
sugar beet are most interesting for ethanol conversion. Sugarcane 
represents the most widely used resource for bioethanol production. 
However, using such biomass for ethanol production is generally 
expensive and competes with human food chain.[24] It was estimated that 
the agricultural sources of crops used in order to produce bioethanol could 
feed up to 200 million people.[25] 
Starch is another biomass commonly used for ethanol production. Corn, 
wheat, potato, sweet potato and cassava are starchy materials commonly 
used around the world for ethanol production. Starch is made up of long 
chains of glucose molecules which must be broken before fermentation. 
For that reason, starch is commonly mixed with water, stirred and heated 
followed by the addition of amylase enzymes in order to hydrolyse starch 
into glucose units.[24] However, as from glucose-rich biomass, such 
production of ethanol from starch compete with the human food chain. In 
2007, 375,000 square kilometres of corn were planted in the US and one-
third of it was used to produce ethanol. This led to increases in corn price 
up to 73% at the end of year 2010.[26] 
Alternatively, lignocellulosic materials, obtained from agricultural and 
forestry by-products can be used as an abundant source of carbohydrates. 
Lignocellulose is composed of cellulose, hemicellulose which are 
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polymers of saccharides, and of lignin, a hydrophobic polymer that is very 
resistant to chemical or biological degradation. Before fermentation, 
lignocellulose must be hydrolysed in fermentable saccharides. That is 
achieved mostly using two methods: Acid or enzymatic hydrolysis.[23] 
After the pretreatment of biomass, baker’s yeast S. cerevisiae is the most 
widely used organism for industrial production of ethanol. S. cerevisiae 
presents many advantages: it grows both under aerobic and anaerobic 
conditions and tolerates a wide range of pH, temperatures up to around 
40°C and high concentrations of sugar and ethanol.[23]  
 
In perfumery, ethanol has been largely use for a long time for the 
purification of concretes, leading to so-called absolutes.[10] Ethanol is 
also used to extract dry raw materials such as balsams, oleo gum resins, 
oleo resins, and resinous products to obtain resinoids. For example, 
ethanol is use to produce for ginger oleoresin, myrrh resinoid, olibanum 
resinoid or vanilla oleoresin.[27] Ethanol has recently been used in order 
to extract fresh perfumery plants such as jasmine (Jasminum 
grandiflorum, Jasminum sambac) or orange blossom (Citrus aurantium L. 
var.amara flowers). But ethanol generally extracts, together with volatile 
fragrance compounds, some undesirable compounds such as water and 
sugars that must be removed to obtain a “clearer” fragrance extract. 
Ethanolic extracts must therefore often be refined. In 2013, Sophie 
Lavoine-Hanneguelle from Charabot patented a process using 
supercritical CO2, in order to obtain flower extracts comparable to 
traditional absolutes.[28,29] This process has been very little diffused and 
remains very little used today. 
 

2-Methyltetrahydrofuran 
MeTHF is a low polar solvent with very interesting physicochemical 
properties, such as low miscibility with water, low boiling point, and 
improved stability compared to tetrahydrofuran. 2-Methyltetrahydrofuran 
shows properties similar to those of toluene and dichloromethane and have 
numerous applications, such as solvent for synthesis.[16] 
MeTHF can be produced from furfural. Furfural is prepared from 
carbohydrates derived from lignocellulose-based biomass, such as 
polysaccharide hemicellulose, present in many plant materials.[30] 
Pentose carbohydrates are obtained from pentosan contained in 
hemicellulose through hydrolysis reaction. As shown in Figure 4, furfural 
can then be obtained from pentose carbohydrates by dehydration reaction 
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in acidic conditions using sulfuric or phosphoric acid as catalysts.[31] 
From furfural, MeTHF can finally be obtained by successive 
hydrogenation reactions using Ni-Cu, Fe-Cu, Cu-Zn, or Cu-Cr alloy 
catalysts.[30] 
 

 
Figure 4: Preparation of 2-Methyltetrahydrofuran from pentose [30]. 
 
In January 2023, MeTHF has been authorized as extraction solvent in the 
food industry. Applications include fractionation of fats, oils or cocoa 
butter, the preparation of defatted protein products, flours, cereal germs 
and flavouring with limits with a residual solvent limit varying from 1 to 
30 mg/kg of final product.[32] 
 
MeTHF is a promising solvent for the extraction of fragrance compounds. 
For example, blackcurrant buds (Ribes nigrum L) volatile compounds 
were extracted using several alternatives solvents, namely α-pinene, 
MeTHF, ethyl acetate, methyl acetate, ethyl lactate, butanol, isopropanol, 
ethanol and CO2 supercritical fluid, with the perspective of finding a 
substitute for hexane traditionally used. MeTHF was found to be the most 
promising alternative for n-hexane substitution with good yield and 
selectivity of volatile compounds.[33] 
 

1-Butanol 
1-Butanol is a four carbon-alcohol relatively low polar used as solvent and 
intermediate in synthesis such as butyl acetate synthesis.[16]  
 
1-Butanol could be produced from biological or chemical routes. In 1861, 
the first route discovered for producing butanol was a fermentation process 
called ABE (Acetone Butanol Ethanol). The process produced butanol 
through fermentation of sugars using Clostridium species. This process 
remained the main source of butanol until the 1950s. Later, favoured by 

O

Furfural

O

O

HO
OH

OHHO

O

HO

OO

2-Methyltetrahydrofuran

Pentose



Chemistry of flavours and fragrances 
 

cheap oil, a petrochemical process was developed to produce butanol. The 
fermentation route was then abandoned. More recently, rise in price of oil 
has revived the fermentation process. Butanol can thus be produced 
through fermentation of sugar, glycerol, or lignocellulose feedstock in the 
presence of different micro-organisms from the Clostridiaceae family. In 
2006, BP company BP launched a production plant capable of producing 
annually 420 million liters of butanol per year through fermentation.[34] 
 
1-Butanol has been previously used to extract fragrance compounds from 
peppermint (Mentha piperita), lavender and orange peels. 1-Butanol 
extracts have a comparable odor profile to ethanol extracts but with much 
higher yields. Compared with hexane and ethanol, 1-butanol gave higher 
concentrations of fragrance and flavor molecules. Despite a high boiling 
point of 117°C which makes it difficult to eliminate, this  demonstrate 
biobutanol’s potential applicability as an effective alternative solvent.[35] 
 

CPME 
Cyclopentyl methyl ether or CPME is an aprotic solvent employed in 
organic chemistry. Compared to other ethers, CPME is safer with its 
relatively high boiling point (106 °C) and low tendency to generate 
peroxides.[16] Nevertheless its high boiling point also represents a strong 
limit for the extraction of odorants due to the difficulty of eliminating 
CPME. 
Nowadays, CPME is exclusively produced using petrochemical 
compounds even if some production processes starting from bioresources 
are considered. In particular, a synthesis route using furfural, through 
cyclopentanone or cyclopentanol intermediates, is currently studied.[36] 
Furthermore, it has been recently reported that cyclopentanone could be 
obtained from a rearrangement of furfural, using water as solvent under 
hydrogen atmosphere and a heterogeneous metal catalyst (Figure 5).[37] 
As furfural could be obtained from carbohydrates derived from 
lignocelluloses’ biomass[30], this reaction allows synthesis of CPME 
from bioresources.  

 
Figure 5: Preparation of CPME from furfural [37]. 
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CPME can be a possible solvent for extraction of volatile compounds. 
CPME has been compared with a variety of green solvents in comparison 
with hexane for extraction of limonene from orange peels. Extraction yield 
for limonene obtained using CPME was found to be 80 % higher than that 
obtained using hexane. Using MeTHF, extraction yield of limonene was 
found to be 40 % higher than that of hexane.[38] Beyond this study on the 
limonene model compound, it would be necessary to evaluate the impact 
of the use of CPME on the olfactory profile of the resulting extract. To the 
best of our knowledge, no study has evaluated the olfactory profiles of 
extracts produced using CPME. Moreover, the use of CPME in perfumery 
could be limited by the relatively high boiling point of this solvent as 
explained above. 
 
 
3.1.2 Deep eutectic solvents 
 
A DES can be described as a mixture of hydrogen bond acceptor (HBA) 
and hydrogen bond donors (HBD) compounds, exhibiting a significant 
decrease in the melting point of the mixture compared to that of each pure 
substance. Such a mixture is called a eutectic mixture. This is related to 
the occurrence of unexpected interactions between components within 
mixture.[39] Deep eutectic solvent is “deep” when the melting point of a 
DES is much lower than the ideal one calculated for a mixture according 
to the colligative properties of a mixture.[40] 
The concept of eutectic was first observed in 1884 and was limited to 
metallic mixtures. Mixtures of bismuth with either lead, tin, cadmium or 
zinc were found to exhibit melting points lower than that of each pure 
metal, or than that obtained using an ideal mixing rule.[41] The use of 
inorganic salts in order to form eutectic solvents was reported by Abbott 
et al in 2001.[42] The authors demonstrated the ability of quaternary 
ammonium salts to form eutectic mixtures when mixed with zinc and or 
tin chloride and observed that choline chloride (ChCl) led to mixtures with 
unexpectedly low melting points.[42] These unexpectedly high decrease 
in freezing point values for such mixtures led to the definition of “deep 
eutectic solvents”, unlike ideal eutectic mixtures detailed above.   
 

DES could be classified in five class depending on their chemical 
structure. Abbott et al. proposed first in 2014 a classification of DESs in 
four class.[43] This classification is proposed in Table 2. For plant 
extraction the main types of DES used are type III and type V DES. In type 
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III, the HBA Cat+X- is in principle any ammonium, phosphonium, or 
sulfonium cation and X- a Lewis’s base generally a halide anion. The more 
practical and classically studied HBA compound is choline chloride. The 
HBD is typically an organic molecular component such as an amide, 
carboxylic acid, or polyol. Type V DES is a non-ionic type of DES, 
proposed recently by Coutinho et al. This latter type of DES consists of 
mixtures of non-ionic hydrogen bond acceptor and donor molecules.[40] 
 
Table 2: The five types of DES  
Type General 

formula 
Examples References  

Type I Cat+X- zMClx ChCl:ZnCl2  [44] 
Type II Cat+X- zMClx 

yH2O 
ChCl:CuCl2·2H2O [45] 

Type III Cat+X- zHBD ChCl:Urea [46] 
Type IV  MClx (yH2O) 

zHBD 
FeCl3:Acetamide [47] 

Type V yHBA zHBD Thymol:Menthol [40] 
  
 Some DES are produced by a mixture of natural compounds. The 
resulting DES is then called NaDES for Natural DES.  
 

For example, NaDES of type V were used to extract vanillin from 
vanilla pods.[48] DES were found to exhibit a higher extraction capacity 
for vanillin than ethanol, while most gave similar or slightly higher yields 
than methanol. Best extractions yields were obtained with DES composed 
with lactic acid and 1,2‐propanediol or lactic acid and fructose, 
respectively. Unfortunately, due to high viscosity and low volatility, these 
DES cannot be removed by evaporation after extraction. Nevertheless, as 
these DES are composed with chemicals safe in high doses and that have 
received the “Generally Recognized As Safe” (GRAS) certification (e.g. 
FG and FGS), these extracts can therefore be included directly in food 
products without requiring any removal of DES.[48] 
Using a different approach, the non-volatility of DES may become an 
advantage making their use possible as co-solvent during 
hydrodistillation. Type III DES oxalic acid/choline chloride was used in 
mixture with 50% of water in a microwave-assisted hydrodistillation of 
Litsea cubeba (Lour.) Pers. Fruits. After 30 min of microwave-assisted 
hydrodistillation in presence of DES, extraction yield of essential oil was 
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found to be nearly twice as high as that of hydrodistialltion without any 
DES added to water. This result was explained by the capacity of DES to 
destroy peel and tissue of plant fruits and therefore accelerate the outflow 
of volatile compounds.[49] 
Currently, despite their interesting solvent capacities, high viscosity and 
very low volatility found in most DES make their removal from an extract 
at the end of an extraction process tedious, when not impossible.[10]  
 
3.1.3 Ionic liquids  
 
ILs are salts exhibiting low melting point. A limit for defining a salt as an 
ionic liquid has been set arbitrarily to a value of 100°C.[50] In addition, 
most ILs reported in the literature are so-called room-temperature ionic 
liquids, namely ionic liquids being liquid at or near room-temperature.  
ILs are considered as sustainable solvents considering their numerous 
advantages particularly for process safety and the environment. ILs 
present high thermal, chemical, and electrochemical stability, non-
flammability, and negligible volatility. In addition, ILs can solubilized a 
wide range of compounds and materials specially those produced 
naturally.[51] Nevertheless their non-volatility represents a strong limit 
for the extraction of odorants due to the impossibility of eliminating ILs 
by evaporation after extraction. The use of ILs requires the development 
of alternative processes to recover the volatile compounds extracted. 
ILs can be formed using both organic and/or inorganic ions and may 
contain more than one cation or anion.[50]   Most ions are monovalent, 
and at least one of them, generally the cation, exhibits both an ionic head, 
typically a saturated or unsaturated heterocycle and one or several side 
chains. Together with unsymmetrical ion shapes, this lead to steric 
hindrances and oppositions between short-range and coulombic long-
range interactions and a significant decrease in the melting point of the 
ionic structure.[52]  
First IL was observed in 1877 during Friedel–Crafts reactions. Over the 
course of this reaction, formation of a red liquid phase was observed.[53] 
The structure of these Friedel–Crafts complexes, given in Figure 6, was 
confirmed in 1952 as heptachlorodialuminate salts.[54]  
 

 

 R

Al2Cl7
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Figure 6: Structure of heptachlorodialuminate salts form during Friedel–
Crafts reactions [54]. 
 
The first ILs were developed in 1914 by Paul Walden and consisted of 
alkylammonium nitrates salts being liquid at low temperatures. In 
particular, ethylammonium nitrate has a melting temperature of 12 °C.[55] 
ILs became then the subject of intense research activities[56–58] and in 
1999 commercially available ILs in high qualities and at accessible prices 
appeared.[59] In 2002 Swatloski et al., first reported the ability of 1-butyl-
3-methylimidazolium chloride IL to dissolve cellulose[60], paving the 
way for the use of ILs for the treatment of biomass. 
Among many applications of ionic liquids, the latter were used as solvent 
for extraction of essential oil of orange peels.[61] In a first step, orange 
peels were dissolved in imidazolium-based ionic liquids such as 1-methyl-
3-ethylimidazolium acetate ([C2MIM][AcO]). In a second step, distillation 
of orange peels straightforward from [C2MIM][AcO] was carried out. Due 
to the extremely low vapour pressure of ionic liquids, a volatile extract 
without any ionic liquid was recovered. Finally, recycling of the ionic 
liquid was achieved by washing with water and charcoal, hence removing 
biopolymers solubilized within. In this process, the specific properties of 
ILs allowed a dissolution of plant matrix, allowing an efficient release of 
fragrance molecules and a straightforward and mild distillation of these 
molecules from the IL. This yielded an increase in yield and improved 
energy efficiency but this study does not provide informations on the 
olfactory properties of these extracts[61]  
‘Greenness’ of ILs was questioned due to poor biodegradability and 
toxicity of some ionic liquids. Furthermore, their high viscosities and the 
steps required in order to synthesize them has hindered up to now large-
scale industrial applications.[53] 
 
3.1.4 Conclusion  
 
Greener alternatives to petroleum-based solvents exist, but their 
sustainability should be carefully considered through a life cycle 
assessment approach. However, these solvents have some drawbacks in 
particular higher boiling points which makes their elimination difficult and 
prevents access to all odorous compounds. The ultimate alternatives are 
the development of solvent-free extraction methods. These methods would 
avoid the use of large volumes of solvent which is safer and cheaper and 
give a resulting extract of higher purity with no traces of residual 
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solvent.[10] This is possible by an intensification technique, called 
solvent-free microwave extraction.[62] 
 
3.2 Processes’ Intensification Technologies 
 
As stated in the chapter 1, conventional extraction techniques, such as 
hydrodistillation, is energy consuming. To minimize this energy 
consumption, in accordance with the 6th principle of green chemistry and 
the 3rd principle of eco-extraction, intensification technologies have been 
developed. These intensification techniques include microwave assisted 
extraction (MAE), ultrasound assisted extraction (UAE), pressurized fluid 
extraction (PFE), enzyme assisted extraction (EAE) and other 
intensification techniques.[10] Particularly microwaves, enable the 
development of solvent-free processes[62], an even more advantageous 
and greener alternative extraction. 
 
3.2.1 Microwave-Assisted Extraction (MAE) 
 
Microwaves are electromagnetic waves with a period typically ranging 
between 1 m and 1 mm, that is, frequencies ranging between 300 MHz to 
300 GHz. 
Microwaves interact with molecule dipoles. Submitted to an electric field, 
a molecule rotates so as to align its dipole with the electric field. Because 
the latter is oscillating, dipolar molecules irradiated by such microwaves 
will continuously move upside down. This movement, due to friction with 
neighbors molecules causes a strong and homogeneous heating effect.[63]  
Therefore, microwave heating is homogeneous throughout the solution 
and selective to only dielectric materials as well as solvents with 
permanent dipoles. In the case where a plant cell is submitted to such 
electromagnetic field, unlike conventional heating, heat transfer occurs 
from the inside of the plant cell to the outside (see figure 7).  
 

 
Figure 7: Mechanism of microwave extraction of natural compounds (red 
dots) from a plant cell based on dielectric heating. 
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Use of microwave for extraction of natural compounds was first proposed 
in 1986[64] for the extraction of crude fat, antinutritives i.e. chemical 
compounds that prevent the absorption of nutrients and organophosphate 
pesticides from soya bean, cottonseed, walnut and fava beans. The 
microwave assisted extraction appeared to be more effective than 
conventional methods with savings in energy and time.[64] afterwards, 
microwave assisted extractions was used to extract various compounds 
from plant material including fats and oils[65], antioxidants and food 
colors[66] essential oils and aromas.[67]  
For essential oils and aromas extractions several microwaves assisted 
extraction methods were developed.[67] These techniques are summerized 
in Table 3.  
 
Table 3: Microwaves assisted extraction methods for extraction of 
essential oils and aromas with example of biomass extracted and 
characteristics of the extracts obtained using these techniques. 

Technique Example of 
biomass 
extracted  

Extract characteristics  Ref 

Compressed Air 
Microwave 
Distillation 

Lippia 
sidoides 
Cham 

Composition similar to 
conventional extract 
with reduced extraction 
time 

[68]   

Microwave 
Hydrodistillation 

Boldo 
leaves 

Olfactive profile 
similar, slightly 
improved compared to 
conventional extract 

[69] 

Solvent-Free 
Microwave 
Extraction 

Rosmarinus 
officinalis 
L. 

More odoriferous than 
conventional extract 
with reduced extraction 
time 

[70] 

Microwave 
Hydrodiffusion 
and Gravity 

Rosmarinus 
officinalis 
L. 

Superior olfactive 
properties better 
reproducing the smell of 
rosemary leaves 
compared to 
conventional extract 

[71] 

 
Advantages and drawbacks of MAE are presented in Table 4. 
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Table 4: Advantages and drawbacks of microwave-assisted extraction 
(MAE) 

Advantages Drawback 
- energy and time savings[64] 
-possibility to perform solvent-
free extraction[72] 

-higher cost of microwave assisted 
extractor[73] 
-promote certain chemical 
reactions[74] 

 
Compressed Air Microwave Distillation (CAMD) 

 
Compressed Air Microwave Distillation (CAMD) is known as the first 
microwave assisted method for extraction of essential oil. It has been 
developed in 1989 by Craveiro et al.[68] This technique is similar to steam 
distillation except that compressed air is injected instead of steam. A 
scheme for the experimental setup is shown in Figure 8. A flask containing 
the plant material is heated in a microwave oven while a compressor 
injects a flow of compressed air within the flask. The steam produced from 
the microwave heating of raw material becomes saturated in volatile 
molecules and is then driven to a recovery vessel immersed in a 
refrigeration system situated outside the microwave oven. This technique 
has been applied to the extraction of essential oil from Lippia sidoides 
Cham. The essential oil obtained using CAMD has a composition similar 
to the one obtained by conventional steam distillation while CAMD 
significantly reduce the extraction time.[68]  Unfortunately the authors did 
not give information on the olfactory properties of these extracts. 
 

 
Figure 8: Compressed air microwave distillation apparatus. 
 

Microwave Hydrodistillation (MWHD) 
Microwave assisted hydrodistillation (MWHD) was developed by 
Stashenko et al. in 2004.[75] This method is based on a conventional 
hydrodistillation apparatus except the heat is provided by a microwave 
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oven. A scheme of the MWHD apparatus is presented in Figure 9. This 
technique was applied to the extraction of colombian X. aromatica fruit 
essential oils.[75]  Hydrodistillation and MWHD gave essential oils with 
similar compositions in which the compounds responsible for the different 
olfactory notes of these fruits are found without providing an olfactory 
analysis of the extracts. For obtaining the same amount of essential oil, 
time needed using MWHD was four times shorter than using conventional 
hydrodistillation.[75]  

 

 
Figure 9: Microwave hydrodistillation apparatus. 

 
In 2014 Petigny et al.[69] studied MWHD of Boldo leaves. The author 
observed that the essentials oils obtain by MWHD or conventional 
hydrodistillation technique contain the same major compounds but in 
different relative proportions. The authors then investigate the sensorial 
properties of these extracts. The results are presented in Figure 10.  
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Figure 10: Sensorial analysis of essential oils produced by conventional 
hydrodistillation or MWHD. Figure adapted from [69] 
 
 
It can be observed that the two different essential oils have similar 
olfactive profile with a slightly better overall perception for the MWHD. 
The use of MWDH reduce the boiled smell and an improved the quality 
of the essential oil.[69] 
 
 A modification of this technique was proposed in 2007 by Flamini et al. 
which introduce an in situ microwave heating through an insulated 
microwave coaxial antenna placed inside the glass flask.[76] Another 
improvement was proposed by Sahraoui et al. in 2008. This innovation is 
based on the principle of steam distillation with a steam generator placed 
outside the extraction reactor which is irradiated with microwaves.[77] 
 

 
 
 
Solvent-Free Microwave Extraction (SFME) 

 
Solvent-free microwave-assisted extraction (SFME) was developed and 
patented in 2004 by Chemat et al.[72] In this process, also called 
microwave-assisted dry distillation, a fresh plant matrix is placed in a 
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microwave reactor without any water or organic solvent added. Heating of 
the water constituting the raw material yields a breaking of cell walls  
containing essential oil releasing the essential oil, the latter distillating 
with the steam produced from matrix water.[72] This method has been 
applied to several fresh and dry plants, such as spices (ajowan, cumin and 
star anise), aromatic herbs (basil, mint and thyme) and citrus fruits. For 
extractions of essential oils, SFME has revealed a more efficient and 
quicker method than conventional hydrodistillation. Also, essential oil 
produced using SFME was found to contain more oxygenated compound 
which are more odoriferous than monoterpene hydrocarbons.[70] 
 

Microwave Hydrodiffusion and Gravity (MHG) 
 
Microwave hydrodiffusion and gravity (MHG) extraction was patented by 
Chemat et al. in 2008.[78] As in the previous subsection, microwaves 
induce warming of the water contained in a plant matrix, yielding a 
destruction of cells containing essential oil. A cooling system is placed 
outside the microwave below the plant for condensing the distillate.[71] 
This technique combines microwaves for hydrodiffusion of volatile 
compounds from the inside to the exterior of biological material and earth 
gravity to improve collection and separation of the extract. It is important 
to note that the extract obtained cannot be called “essential oil” because 
the technique does not correspond to the techniques for the definition of 
an essential oil described in the ISO 9235 standard.[79] In addition, non-
volatile compounds can be solubilized in the extracted mixture. A scheme 
for the experimental setup is shown in Figure 11. This technique was 
applied to pearmint (Mentha spicata L.) and pennyroyal (Mentha 
pulegium L.). MHG for 15min allowed to extract quantitatively (yield) and 
qualitatively extracts similar to conventional hydrodistillation for 90min. 
Therefore, the MHG method is advantageous in terms of time and 
energy.[80] 
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Figure 11: Microwave hydrodiffusion and gravity apparatus. 
 
In 2009, Bousbia et al.[71] compared hydrodistillation and MHG for the 
extraction of volatile compounds from Rosmary leaves. The used of MHG 
improved the composition of the extract with a higher amount of 
oxygenated compounds. In addition, the extract produced with MHG 
presented superior olfactive properties better reproducing the smell of 
rosemary leaves.[71] 
 
3.2.2 Ultrasound-Assisted Extraction (UAE) 
 
Low frequency ultrasounds are sonic waves with frequencies ranging from 
16 kHz to 100 kHz and are used for extraction and processing of biomass. 
Ultrasounds irradiating a liquid phase lead to a cavitation phenomenon. 
This corresponding to the formation in the solvent of microscopic air 
bubbles/cavities which size and shape oscillate in response to the 
successive compression/relaxation cycles according to the wavelength of 
the sonic wave. These cavities always reach an unstable size and implode 
in such a way that pression and temperature during the implosion can reach 
locally, where the cavitation bubble implodes, several hundreds of 
atmospheres and thousands kelvins, respectively.[81] This results in a 
disruption the biological cell membranes.[82] A schematic representation 
of the effect of ultrasounds is proposed in Figure 12. 
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Figure 12: Mechanism of ultrasound extraction of natural compounds 
(red dots) from a plant cell based on cavitation (grey circles). 
 
UAE is mainly used at the industrial scale in the aroma sector as this 
technique is known to cause lesser damage to thermal-sensitive molecules 
than conventional techniques. For example, fresh garlic (Allium sativum) 
cloves were extracted using UAE and conventional hydrodistillation.[83]  
Variation among sulfur containing molecules, which are thermo-sensitive 
compounds, were observed. Polysulfides concentration decreased whereas 
that of vinyl dithiin isomers increased when the isolation techniques were 
changed from conventional hydrodistillation to UAE. Therefore, UAE 
appears to be a promising approach in order to preserve and extract the 
compounds responsible for the characteristic odor and taste of freshly 
chopped garlic. [83] 
UAE was also used in combination with other techniques. UAE were used 
coupled with supercritical fluid to extract oil from adlay seeds. 
Ultrasounds led to an increase of the extraction yield and a significant 
decrease in the extraction time.[84] Ultrasounds were also used combined 
with hydrodistillation in order to enhance the extraction of essential oil of 
Celery Seeds (Apium graveolens L.).[85] Grounded celery seeds were 
sonicated prior to the hydrodistillation process. Sonication accelerates 
water absorption leading to a faster swelling of plant material and an 
increase in pore size on the cell walls, thus facilitating recovery of essential 
oil during hydrodistillation process. With the help of ultrasounds, 
extraction yield increased by 48% compared to conventional 
hydrodistillation, while chemical composition was similar using both 
methods.[85] Nevertheless, even though there are several applications of 
UAE in the aroma industry are quite numerous, there is little use in the 
fragrance industry.[10] Advantages and drawbacks of UAE are presented 
in Table 5. 
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Table 5: Advantages and drawbacks of ultrasound-assisted extraction 
(UAE) 

Advantages Drawback 
- cause lesser damage to thermal-
sensitive molecules[83] 
- energy and time savings[84] 
- comparing with other activation 
techniques, ultrasound equipment 
is economical [86] 

-in an ultrasound bath, waves vary 
depending on position, ultrasound 
probes are more efficient[86] 
-scale up difficult[87] 

 
3.2.3 Pressurized fluid extraction (PFE) 
 
Pression is another interesting parameter in order to intensify extraction 
processes. Pressurized fluid extraction methods can be divided in four 
classes:  
i) Supercritical fluid extraction (SFE) already presented in the chapter 1 
for supercritical CO2. 
ii) Pressurized Solvent Extraction (PSE) also known as Accelerated 
Solvent extraction, Pressurized Liquid Extraction, or Subcritical Solvent 
Extraction (SSE), accordingly.  
iii) Pressurized Low Polarity Water extraction (PLPW), also known as 
subcritical water extraction, pressurized hot water extraction or 
superheated water extraction.[10] 
iv) Pressurized gas extraction (PGE)[88] 
 
In PSE and PLPW, elevated temperatures increase the extraction 
efficiency whereas elevated pressure keeps the solvent in a liquid state 
above its boiling point. High pressures also improve the diffusion of 
solvents to regions of the plant matrix that could not be reached at 
atmospheric pressure. However, one must keep in mind that high 
temperatures are incompatible with extraction of fragile raw material and 
heat-sensitive compounds.[10] In 2008, Giray et al.[89] studied the 
extraction of Lavandula stoechas flowers using PLPW. The author 
observed the appearance of thermal degradation with burning smell and 
the blackening of extracts when the temperature was increase in particular 
at 150 °C.[89] 
PSE was investigated for the extraction of volatile compounds of Thymus 
vulgaris L.[90] Maximum extraction efficiency was obtained using 
hexane as an extraction solvent, an extraction time of 10 min, an extraction 
pressure of 30 bar and a temperature of 100°C. PSE was compared with 
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steam distillation, Soxhlet extraction, supercritical CO2 extraction and 
solid phase microextraction. PSE was the most efficient and the most 
appropriate sample preparation method in determining volatile 
compounds from thyme herb. Even if the authors did not provide 
information on the olfactive profile of their extract, they highlighted 
several advantages of PSE such as high yields and short extraction time 
but this method present the disadvantage of co-extracting non-volatile 
component together with volatile compounds.[90] In addition PSE 
equipment have high cost due to because the materials constituting this 
equipment must withstand high pressures and temperatures.[91] 
PLPW extraction, using pressurized hot water as a solvent, can be consider 
as an even more sustainable version of PSE as no organic solvents are used 
in this method. Water is a polar solvent but when heated at 200°C, its 
dielectric constant drops from 79 to 35, displaying a polarity similar to that 
of acetonitrile.[92] PLPW was applied to extraction of extraction of 
fragrance compounds from Rosa canina. The author showed that the best 
extraction conditions are 100 °C with 2 ml/min water flow rate and 50 bar 
pressure for 2 h. This method was compared with Soxhlet extraction using 
hexane for 12h. Under these condition PLPW and Soxhlet extraction gave 
similar yields of benzyl alcohol and phenylethyl alcohol while 
tetrahydroional, eicosane and 2,6,11-trimethyl dodecane are much better 
extracted with PLPW. In addition, some fragrance compounds, namely 
benzaldehyde, α- pinene and limonene were found only in the PLPW 
extract. The PLPW method is therefore quicker, more environmentally 
friendly and more efficient than Soxhlet but no information on the 
olfactory profile of these extracts were provided.[93] In 2013 Miyashita 
and Hideo[94] showed that PLPW improves the aroma profile of green-
tea extracts. Green tea leaves were extracted by PLPW at 30 bar and 130°C 
for 1 min. The resulting extract had higher catechins extraction yields 
together with less bitterness and astringency than the conventional sample 
extracted at 90℃ for 10 min. The author explain this result by the 
improved capacity of PLPW in extracting arginine and water-soluble 
pectin, which  mask the bitterness and astringency of green tea.[94]   
Advantages and drawbacks of PFE are presented in Table 6. 

Table 6: Advantages and drawbacks of pressurized fluid extraction (PFE) 

Advantages Drawback 
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- energy and time savings[95] 
-extraction of apolar compounds 
with water by decreasing, water 
dielectric constant[92] 

-high temperatures are 
incompatible with extraction of 
heat-sensitive compounds.[10] 
- high equipment cost [91] 

 
In PGE, a gas is used under pressure but below its critical point to extract 
natural compounds from plants. The use of a gaseous solvent allows the 
production of extracts at low temperatures, to preserve heat-sensitive 
compounds, and moderate extraction pressures. The use of a gaseous 
solvents simplifies the elimination of the extraction solvent which can be 
removed by simple depressurization to obtain an extract without solvent 
traces.[88] PGE has been used for the extraction volatile compounds from 
several plant species particularly using halogenated gas such as 1,1,1,2-
tetrafluoroethane (freon R134a),[96] or hydrocarbon gas such as n‐
butane.[97] In 2011 Nenov et al.[98] studied the low temperature 
extraction of cinnamon barks (Cinnamomum zeylanicum Nees) with 
1,1,1,2-tetrafluoroethane. The author observed that extracts produce with 
this technique have odors, tastes and physico-chemical properties 
comparable with those of cinnamon essential oil.[98] In 2017 Rapinel et 
al.[97] studied the extraction of lipophilic compounds from sunflower 
seeds, carrots chips and caraway seeds using pressurized n-butane. The 
authors observed that the chemical compositions of extracts were 
unchanged when the reference solvent, hexane, was substituted with n-
butane but the extraction yields were reduced. The author attributed 
reduced extraction yields to a slow mass transfer inside the solvent due to 
the lack of stirring.[97] Unfortunately, the authors did not provide 
information on the sensory properties of their extracts. In 2021 Dobreva et 
al.[96] used pressurized 1,1,1,2-tetrafluoroethane extraction to compare 
volatile compounds present in four rose species namely, Rosa gallica L., 
Rosa damascena Mill., Rosa alba L. and Rosa centifolia L. The chemical 
compositions obtained were close to those of the traditional rose oils and 
absolutes but no information on olfactive profiles were provided in this 
study.[96] Advantages and drawbacks of PGE are presented in Table 7. 
 
Table 7: Advantages and drawbacks of pressurized gas extraction (PGE) 

Advantages Drawback 
- moderate extraction 
pressures[88] 
-solvent removed by simple 
depressurization[88] 

-environmental concerns around 
halogenated gas[96] 
-reduction of extraction yield due 
to slow mass transfer[97]  
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-extracts without solvent 
traces[88] 

 
 
3.2.4 Enzyme-assisted extraction (EAE) 
 
In a plant matrix, compounds of interest are contained within plant cells. 
The presence of large amounts of various polysaccharides such as 
hemicelluloses, starch, pectin and of lipid bilayers composing cell walls 
reduces extraction efficiency using conventional extraction methods. 
Enzymes, proteins with specific hydrolytic properties, are able to degrade 
the plant matrix and therefore gain access to active components. A 
schematic representation of the effect of enzymes is proposed in Figure 
13. Enzymes are classified according to the target molecule it 
hydrolyzes.[99] Cellulases enzymes (such as endoglucanases, 
cellobiohydrolases, β-glucosidases) hydrolyze celluloses, hemicellulases 
(such as endoxylanases and β-xylosidases) hydrolyze hemicelluloses and 
pectinases (such as pectintranseliminase, polygalacturonase, and 
pectinesterase) hydrolyze pectin. Very often, cooperative effects of 
multiple enzymes are necessary to increase degradation of cell walls, 
resulting in higher extraction yields. Therefore, commercially available 
multiple enzyme blends were developed.[100] 
 

 
Figure 13: Mechanism of enzyme assisted extraction of natural 
compounds (red dots) from a plant cell based on enzyme hydrolysis (grey). 
 
EAE was used in order to extract essential oil from black pepper and 
cardamom.[101] A mixture of enzymes, called Lumicellulae and 
composed of cellulase, β-glucanase, pectinase, and xylanase, was used for 
the pre-treatment of black pepper and cardamom. After enzymatic pre-
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treatment, essential oils were recovered by hydrodistillation. Compared 
with conventional hydrodistillation, EAE increased the extraction yields 
from 0.9 to 1.8% in black pepper and 1.9 to 2.5% in cardamom. Also, 
compared to conventional hydrodistillation, mass fraction of major active 
compounds in spices, such as β-caryophyllene in black pepper and α-
terpenyl acetate in cardamom, increased from 15.03 to 25.58 and 38.91 to 
48.6%, respectively. EAE was therefore found to improve extraction yield 
and quality of essential oils by increasing fractions of major active 
compounds.[101] Unfortunately the author did not provided description of 
the olfactive profile of their extracts. Enzymes are already used in various 
domains including food industry for texturing, lactose removal, or 
flavoring.[102] But today, to the best of our knowledge, enzymes have no 
industrial applications for aroma or perfume extraction. Advantages and 
drawbacks of EAE are presented in Table 8. 

Table 8: Advantages and drawbacks of enzyme-assisted extraction (EAE) 

Advantages Drawback 
- energy and time savings [83] 
- higher extraction yields [101] 
 

-enzymes are pH and temperature 
sensitive [83] 
-enzymes’ incorporation into 
products is regulated[103] 
 

 
3.2.5 Other intensification techniques 
 
Other intensifications techniques were developed at a laboratory scale for 
intensifying plant extraction processes, with limited industrial 
applications. 
 
 

Instant Controlled Pressure Drop (ICPD) 
 
Instant Controlled Pressure Drop (ICPD) is a technique used at industrial 
scale for drying, decontamination and texturing of materials applications. 
ICPD is a two-step technique. First the raw material is submitted to a rapid 
(usually between 5 and 60 s) thermal treatment with high-pressure 
saturated steam, typically between 0.1 to 0.7 MPa. This stage is followed 
by an instant pressure drop towards a vacuum at about 5kPa. This provokes 
an autovaporization of a part of the water in the product, an instantaneous 
cooling of the products together and a mechanical effect breaking the cell 
walls.  
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This technique has been applied to the extraction of essential oils from 
Algerian myrtle leaves.[104] ICDP improved the essential oil extraction 
yield by 10% compared to conventional hydrodistillation, in a shorter time 
extraction time of 2 min compared with 180 min.[104] 
 

Pulsed electric field (PEF) 
 
Under the effect of PEF at low electric fields, a biological membrane 
is electrically pierced and becomes permeable. This phenomenon is called 
electroporation. PEF has been first used for killing microorganisms.[105] 
Later, PEF was found to be useful for extraction of compounds from 
plants. For example, PEF was applied to the extraction of functional 
compounds from cinnamon. Plant powder, mixed with ethanol as a 
solvent, was placed between electrodes. In order to perform extraction, a 
pulse generator was used with voltage from 2 to 6 kV/cm and number of 
40–60 pulses. The PEF assisted extraction was applied to the extraction of 
aroma compounds from aromatic plant and food by-product. The use of 
PEF improved the extraction yield of vanillin from vanilla pods by 14% 
theobromine and caffeine from cocoa bean shells by respectively 25 and 
34%, linalool from vermouth mixture by 114%, and limonene from orange 
peels by 33%, as compared with untreated samples.[106]   
 
 
3.2.6 Conclusion 
 
Intensification techniques present several advantages, such as a reduction 
of time and energy consumption compared with conventional method. 
Furthermore, innovative technologies are expected to yield ingredients 
with properties and olfactory profile different from those obtained 
conventional methods. Such original ingredients can be very valuable for 
specific sectors, such as niche perfumery. Nevertheless, some limitations, 
such as regulation or higher extraction equipment costs, hinder the 
widespread of these techniques. 
 
4. A case study:  Sustainable extraction of fragrances from 
Rosa centifolia.  
 
Rosa centifolia L. belongs to the genus Rosa in the Rosaceae family. Until 
our days, roses are one of the most important groups of ornamental and 
perfumery plants. Nowadays, about 1000 genotypes of roses are 
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known.[107] Rosa centifolia L. is an ancient rose formed by a complex 
hybridation of R. gallica, R. moschata, R. canina, and R.damascena.[108]  
In the perfumery field, the fragrance of R centifolia L. cannot be extracted 
by hydrodistillation, because essential oil yields are too low. Therefore, 
extraction of R centifolia L. is therefore obtained by solvent extraction, 
producing concrete and absolute. [107] 
 
 

 
Figure 14: Pictures of Rosa centifolia L. taken in the garden of the 
international perfume museum in Grasse (France). 
 
Production of rose concrete is until currently obtained using hexane, a 
petroleum-based solvent. MeTHF and CPME, two alternative sustainable 
solvents produced from bioresources, were evaluated as hexane substitutes 
for obtaining rose concretes and absolutes. These two solvents were 
selected as low polar bio-based solvents. Also, these solvents exhibit 
boiling point relatively low to be remove by evaporation after extraction. 
 
Rosa centifolia flowers (Figure 14) were collected from the garden of the 
international perfume museum in Grasse (France) and extracted by solid-
liquid extraction using hexane, MeTHF or CPME for 2h at room 
temperature under constant magnetic stirring. Compositions of resulting 
extracts were determined using gas chromatography flame ionization 
detector coupled with mass spectroscopy (GC-FID/MS). For comparison 
reasons, an additional extraction using hexane, the solvent industrially 
used for rose extraction, was carried out. Extraction yields were evaluated 
using GC-FID with predicted response factor[109] by summing the 
amount of each compounds identified and reported in Figure 15.  
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Figure 15:  Rose petals extraction yields as function of different solvents 

used during maceration. 

 
With hexane a yield of 0.20 % was obtained. Using CPME and MeTHF as 
alternative solvents led to extraction yields improvements to 0.25% and 
0.27%, respectively. This corresponds to increases by 25 and 35% 
respectively.  
 
Then, chemical compositions of these extracts were investigated. In all 
extracts, major compounds identified using GC-MS were 2-
phenylethanol, nonadecane, geraniol and citronellol. Compound structures 
are presented in Figure 16. These compounds correspond to those 
previously reported in Rosa centifolia extracted through hexanoic solvent 
extraction.[110]  But in rose extracts some minor compounds present at 
traces levels also contribute to the rose smell. These compounds include 
citronellol acetate, rose oxides, nerol oxides, farnesol and 
damascenone.[111] Traces of rose oxides were found only in MeTHF 
extracts which should have some influence on the scent of this extract. The 
other compounds were not detected in these three extracts. These 
compounds are either absent of the extracts or present at concentration 
below the limit of detection of GC-MS. 
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Figure 16: Structure of major compounds identified in rose petal extracts. 
 
The major compounds extracted were quantified in GC-FID using external 
calibration curves. Results are presented in Figure 17. 
 

 
Figure 17: Composition of rose extracts obtained using different solvents. 
Blue: Hexane. Orange: CPME. Gray: MeTHF. Only major compounds 
are shown. 
 
Compared to hexane, CPME and MeTHF improved extraction of 2-
phenylethanol from 124 mg/g of fresh weight (FW) of flower to 166 and 
176 mg/g FW, respectively. On the contrary, there was no significant 
difference in extraction yield for citronellol or geraniol. Finally, use of 
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CPME and MeTHF decreased the extraction of nonadecane from 16 mg/g 
FW to 8 and 9 mg/g FW respectively. Differences in polarity between 
hexane and CPME or MeTHF explain our results. Hexane is the least polar 
of all three solvents, exhibiting a value for its octanol-water partition 
coefficient (logP) of 3.90[17], compared to 1.01 [18] and 1.65 [19] for 
MeTHF and CPME, respectively. 2-phenylethanol, exhibiting a logP 
value of  1.36[17], close to that of MeTHF and CPME, is therefore 
expected to be better extracted using tese two solvents than hexane. On the 
contrary, nonadecane exhibiting a logP value of 10.39[112] is better 
extracted in hexane. 
 
CPME and MeTHF therefore appear to be promising alternatives to 
hexane for extraction of volatile compounds from Rosa centifolia. 
Nevertheless, use of such solvents significantly changes the composition 
of an extract. Impact of these changes on olfactive profiles were therefore  
evaluated with the help of a perfumist. Because CPME and MeTHF are 
volatile, volatile compounds were first separated from solvent by rotary 
evaportation. Resulting concrete was then mixed with warm ethanol. Upon 
cooling down the ethanolic solution in a freezer, non-volatile compounds 
including waxes and fatty acids precipitate. An absolute, shown in Figure 
18, is then obtained after filtration and evaporation of ethanol.[10] 
 

 Figure 18: Picture of Rosa centifolia petals maceration and absolute 
produced with hexane (left) or MeTHF (right) 
 
This procedure was performed for extracts obtained with MeTHF and 
hexane. CPME was excluded because of its high boiling point (106°C). 
Evaporating CPME leads to the loss of a non-negligible fraction of volatile 
compounds. Olfactive notes from absolutes obtained from hexane or 
MeTHF extraction were determined by a perfumiest‡ and rated on a scale 

 
‡ Virginie Armand fragrance artist, InnovaGrasse, Grasse, France 
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of 0 to 5. 0 corresponds to an absence of this note in the extracts and 5 a 
strong presence of this note. For clarity reasons, olfactive notes are 
presented on a radar chart presented in Figure 19. 
 
 

 Figure 19: Odor description graphs for Rosa centifolia petals absolutes 
Blue: concrete extracted with hexane, orange: concrete extracted with 
MeTHF  
 
Olfactive profiles for hexane and MeTHF absolutes are significantly 
different. Both absolutes share a common characteristic rose floral note. 
But the one obtained from MeTHF is less spicy and green.  Also, a new 
fruit stone note appeared. MeTHF is therefore able to extract the 
characteristic rose floral note from Rosa centifolia and complete it with 
additional notes do not present in the conventional absolute obtained from 
hexane. Use of MeTHF allow to produce a new type of rose extract that 
will be evaluated in a perfume composition to confirm the applicability of 
this new rose absolute. 
 
5. Conclusion 
 
This chapter shows that numerous innovative technologies are currently 
developed in order to create more sustainable natural ingredients in 
agreement with the principles of green chemistry and eco-extraction as 
well as nowaday’s consumers concerns. Nevertheless, proposing 
sustainable alternatives to conventional ingredients, and integrate these 
new ingredients into a perfumer’s palette will require much effort. Today 
the vast majority of the favor and fragrances ingredients are manufactured 
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by traditional methods presented in chapter 1. There are a certain number 
of obstacles to the industrialization of processes using alternative solvents 
and/or modern activation techniques. In particular, the high cost or the 
absence of large-scale equipment on the market make a certain number of 
projects economically unrealistic. There are also several regulatory limits 
that prevent further developments and widespread of these techniques at 
industrial scale. Finally, because any modification in the extraction 
process leads to a modification of the extract composition and its sensorial 
profile and for all the reasons mentioned above it is unlikely to see in a 
near future such modern technologies and green solvents replacing 
conventional methods currently used in the fragrance sector.  
But because niche perfumery looks for new and innovating fragrance 
extracts, and because volumes of extracts required in this niche field 
remain quite restricted, such alternative techniques might have good 
opportunities to invest such a sector. 
Finally, considering a regulatory environment constantly evolving towards 
more environmentally friendly processes and safer ingredients, current 
non sustainable ingredients or extraction techniques will eventually be 
prohibited or restricted. Eco-extracts obtained from sustainable processes.  
are in line with the general movement of chemistry towards safer and 
greener process and products and represent a valuable alternative to 
current ingredients.  
 
6. Acknowledgments 

 
This work was partly developed within the scope of the project CICECO-
Aveiro Institute of Materials, UIDB/50011/2020, UIDP/50011/2020 and 
LA/P/0006/2020, financed by national funds through the Portuguese 
Foundation for Science and Technology (FCT)/MCTES. J-B C. is grateful 
to the EUR Spectrum – Graduate school of Formal, Physical and 
Engineering Sciences- for his Ph.D. financing. The authors thank the 
international perfume museum garden and in particular Christophe Mège, 
head gardener, for allowing them to graciously collect the rose flowers 
necessary for this study. The authors also thank Virginie Armand, 
independent perfumiest, for having graciously carried out the olfactory 
analysis of our rose absolutes. 
 
  



Sustainable extraction of perfumery plant 

 
7. References and Citations 

 
[1] J.-P. Brun, X. Fernandez, Parfums antiques de l’archéologue au 

chimiste, Silvana Editoriale, Milano, 2015. 
[2] J. Cribb, Surviving the 21st century- Humanity’s ten great 

challenges and how we can overcome them, Springer International 
Publishing, 2017. 

[3] R. Naidu, B. Biswas, I.R. Willett, J. Cribb, B. Kumar Singh, C. 
Paul Nathanail, F. Coulon, K.T. Semple, K.C. Jones, A. Barclay, 
R. John Aitken, Chemical pollution: A growing peril and potential 
catastrophic risk to humanity, Environ. Int. 156 (2021) 106616. 
https://doi.org/10.1016/j.envint.2021.106616. 

[4] P.T. Anastas, T.C. Williamson, Green Chemistry: An Overview, 
ACS Symp. Ser. 626 (1996). https://doi.org/10.1021/bk-1996-
0626.ch001. 

[5] F. Chemat, M.A. Vian, G. Cravotto, Green extraction of natural 
products: Concept and principles, Int. J. Mol. Sci. 13 (2012) 8615–
8627. https://doi.org/10.3390/ijms13078615. 

[6] M. Pagliaro, R. Delisi, R. Ciriminna, Green fragrances : A 
critically important technology for the new cosmetic industry, 
Househ. Pers. Care Today. 11 (2016) 67–71. 

[7] P. Anastas, N. Eghbali, Green Chemistry: Principles and Practice, 
Chem. Soc. Rev. 39 (2010) 301–312. 
https://doi.org/10.1039/b918763b. 

[8] J.C.W. Paul T. Anastas, Green Chemistry: Theory and Practice, 
1998. 

[9] F. Chemat, Eco-extraction du végétal: procédés innovants et 
solvants alternatifs, 2011. 

[10] P. Burger, H. Plainfossé, X. Brochet, F. Chemat, X. Fernandez, 
Extraction of Natural Fragrance Ingredients: History Overview and 
Future Trends, Chem. Biodivers. 16 (2019). 
https://doi.org/10.1002/cbdv.201900424. 

[11] Y. Gu, F. Jérôme, Bio-based solvents: An emerging generation of 
fluids for the design of eco-efficient processes in catalysis and 
organic chemistry, Chem. Soc. Rev. 42 (2013) 9550–9570. 
https://doi.org/10.1039/c3cs60241a. 

[12] K. Alfonsi, J. Colberg, P.J. Dunn, T. Fevig, S. Jennings, T.A. 
Johnson, H.P. Kleine, C. Knight, M.A. Nagy, D.A. Perry, M. 
Stefaniak, Green chemistry tools to influence a medicinal 
chemistry and research chemistry based organisation, Green Chem. 
10 (2008) 31–36. https://doi.org/10.1039/b711717e. 

[13] D. Prat, A. Wells, J. Hayler, H. Sneddon, C.R. McElroy, S. Abou-
Shehada, P.J. Dunn, CHEM21 selection guide of classical- and less 
classical-solvents, Green Chem. 18 (2015) 288–296. 



Chemistry of flavours and fragrances 
 

https://doi.org/10.1039/c5gc01008j. 
[14] C.M. Alder, J.D. Hayler, R.K. Henderson, A.M. Redman, L. 

Shukla, L.E. Shuster, H.F. Sneddon, Updating and further 
expanding GSK’s solvent sustainability guide, Green Chem. 18 
(2016) 3879–3890. https://doi.org/10.1039/c6gc00611f. 

[15] L. Soh, M.J. Eckelman, Green solvents in biomass processing, 
ACS Sustain. Chem. Eng. 4 (2016) 5821–5837. 
https://doi.org/10.1021/acssuschemeng.6b01635. 

[16] F.G. Calvo-Flores, M.J. Monteagudo-Arrebola, J.A. Dobado, J. 
Isac-García, Green and Bio-Based Solvents, Top. Curr. Chem. 376 
(2018) 1–40. https://doi.org/10.1007/s41061-018-0191-6. 

[17] C. Hansch, A. Leo., D. Hoekman, Exploring QSAR - Hydrophobic, 
Electronic, and Steric Constants, 2nd ed., American Chemical 
Society, Washington, DC, 1995. 

[18] The Good Scents Company Information System, 2-methyl 
tetrahydrofuran, (n.d.). 
https://www.thegoodscentscompany.com/data/rw1179261.html 
(accessed August 24, 2023). 

[19] T. Oshima, Y. Iwakiri, A. Inada, Development of solvents for 
Au(III) extraction in hydrochloric acid media based on ion 
solvation with reference to the Hansen solubility parameters: 
Success of dicyclohexylketone, Hydrometallurgy. 220 (2023) 
106106. https://doi.org/10.1016/j.hydromet.2023.106106. 

[20] Statista, Volume of ethanol production in the world in 2022, by 
country (in billion liters), (2023). 
https://fr.statista.com/statistiques/753650/production-d-ethanol-
par-pays-monde/ (accessed August 25, 2023). 

[21] C.H. Christensen, J. Rass-Hansen, C.C. Marsden, E. Taarning, K. 
Egeblad, The renewable chemicals industry, ChemSusChem. 1 
(2008) 283–289. https://doi.org/10.1002/cssc.200700168. 

[22] N.S. Hidzir, A. Som, Z. Abdullah, Ethanol Production via Direct 
Hydration of Ethylene : A review, Int. Conf. Glob. Sustain. Chem. 
Eng. (2014) 8–13. 

[23] A. Rudolf, K. Karhumaa, B. Hahn-Hägerdal, Ethanol Production 
from Traditional and Emerging Raw Materials, in: T. 
Satyanarayana, G. Kunze (Eds.), Yeast Biotechnol. Divers. Appl., 
Springer, 2009: pp. 489–513. https://doi.org/10.1007/978-1-4020-
8292-4_30. 

[24] C. Pasha, L.V. Rao, Thermotolerant Yeasts for Bioethanol 
Production Using Lignocellulosic Substrates, in: Yeast Biotechnol. 
Divers. Appl., 2009: pp. 551–584. 

[25] M.C. Rulli, D. Bellomi, A. Cazzoli, G. De Carolis, P. D’Odorico, 
The water-land-food nexus of first-generation biofuels, Sci. Rep. 6 
(2016) 1–10. https://doi.org/10.1038/srep22521. 

[26] D. Graham-Rowe, Beyond food versus fuel, Nature. 474 (2011) 



Sustainable extraction of perfumery plant 

S6–S8. https://doi.org/https://doi.org/10.1038/474S06a. 
[27] H. Surburg, J. Panten, Natural Raw Materials in the Flavor and 

Fragrance Industry, in: Common Fragr. Flavor Mater., Wiley, 
2006: pp. 177–238. https://doi.org/10.1002/3527608214.ch3. 

[28] S. Lavoine-Hanneguelle, C. Périchet, N. Schnaebele, M. Humbert, 
Development of new natural extracts, Chem. Biodivers. 11 (2014) 
1798–1820. https://doi.org/10.1002/cbdv.201400026. 

[29] S. Lavoine-Hanneguelle, Process for obtaining a scented extract of 
fresh flowers and/or leaves using natural solvents, US 
2013/0338241, 2013. 

[30] A.-G. Sicaire, M.A. Vian, A. Filly, Y. Li, A. Bily, F. Chemat, 2-
Methyltetrahydrofuran: Main Properties, Production Processes, 
and Application in Extraction of Natural Products, in: Altern. 
Solvents Nat. Prod. Extr. Green Chem. Sustain. Technol., Springer, 
2014: pp. 253–268. https://doi.org/10.1007/978-3-662-43628-
8_12. 

[31] R. Adams, V. Voorhees, Furfural, in: Org. Synth., Wiley, 2003. 
[32] European Commission, COMMISSION DIRECTIVE (EU) 

2023/175 of 26 January 2023 amending Directive 2009/32/EC of 
the European Parliament and of the Council as regards 2-
methyloxolane, Off. J. Eur. Union. (2023). 

[33] A. Filly, A.S. Fabiano-Tixier, Y. Lemasson, C. Roy, X. Fernandez, 
F. Chemat, Extraction of aroma compounds in blackcurrant buds 
by alternative solvents: Theoretical and experimental solubility 
study, Comptes Rendus Chim. 17 (2014) 1268–1275. 
https://doi.org/10.1016/j.crci.2014.03.013. 

[34] B. Ndaba, I. Chiyanzu, S. Marx, n-Butanol derived from 
biochemical and chemical routes: A review, Biotechnol. Reports. 
8 (2015) 1–9. https://doi.org/10.1016/j.btre.2015.08.001. 

[35] F. Gilman, R. Syrenne, C. Keyari, R. Kropp, Bio-Based Butanol as 
a Solvent for Essential Oil Extractions, Perfum. Flavorist. (2019). 
https://www.perfumerflavorist.com/flavor/regulatory-
research/article/21856934/biobased-butanol-as-a-solvent-for-
essential-oil-extractions. 

[36] C. Aranda, G. De Gonzalo, Biocatalyzed redox processes 
employing green reaction media, Molecules. 25 (2020) 1–26. 
https://doi.org/10.3390/molecules25133016. 

[37] M. Hronec, K. Fulajtarová, Selective transformation of furfural to 
cyclopentanone, Catal. Commun. 24 (2012) 100–104. 
https://doi.org/10.1016/j.catcom.2012.03.020. 

[38] B. Ozturk, J. Winterburn, M. Gonzalez-Miquel, Orange peel waste 
valorisation through limonene extraction using bio-based solvents, 
Biochem. Eng. J. 151 (2019) 107298. 
https://doi.org/10.1016/j.bej.2019.107298. 

[39] D. Rodríguez-Llorente, A. Cañada-Barcala, S. Álvarez-Torrellas, 
V.I. Águeda, J. García, M. Larriba, A Review of the Use of 



Chemistry of flavours and fragrances 
 

Eutectic Solvents , Terpenes and Terpenoids in Liquid – liquid 
Extraction Processes, Processes. (2020) 1–54. 
https://doi.org/10.3390/pr8101220. 

[40] D.O. Abranches, M.A.R. Martins, L.P. Silva, N. Schaeffer, S.P. 
Pinho, J.A.P. Coutinho, Phenolic Hydrogen Bond Donors in the 
Formation of Non-Ionic Deep Eutectic Solvents: The Quest for 
Type V DES, Chem. Commun. (2019). 
https://doi.org/10.1039/C9CC04846D. 

[41] F. Guthrie, On eutexia, Proc. Phys. Soc. London. 6 (1884) 124–
146. https://doi.org/10.1088/1478-7814/6/1/312. 

[42] A.P. Abbott, G. Capper, D.L. Davies, H.L. Munro, R.K. Rasheed, 
Preparation of novel, moisture-stable, Lewis-acidic ionic liquids 
containing quaternary ammonium salts with functional side chains, 
(2001) 2010–2011. https://doi.org/10.1039/b106357j. 

[43] E.L. Smith, A.P. Abbott, K.S. Ryder, Deep Eutectic Solvents ( 
DESs ) and Their Applications, Chem. Rev. 114 (2014) 11060–
11082. https://doi.org/dx.doi.org/10.1021/cr300162p. 

[44] A.D. Potchamyou Ngatcha, A. Zhao, S. Zhang, W. Xiong, M. 
Sarker, J. Xu, M.A. Alam, Determination of active sites on the 
synthesis of novel Lewis acidic deep eutectic solvent catalysts and 
kinetic studies in microalgal biodiesel production, RSC Adv. 13 
(2023) 10110–10122. https://doi.org/10.1039/d3ra00543g. 

[45] X. Liu, Y. Zhai, Z. Xu, Y. Zhu, Y. Zhou, Z. Wang, L. Liu, W. Ren, 
Y. Xie, C. Li, M. Xu, The novel application of type II deep eutectic 
solvents (DES) for sludge dewatering, Sep. Purif. Technol. 306 
(2023) 122714. https://doi.org/10.1016/j.seppur.2022.122714. 

[46] A.P. Abbott, G. Capper, D.L. Davies, R.K. Rasheed, V. 
Tambyrajah, Novel solvent properties of choline chloride / urea 
mixtures, Chem. Commun. (2003) 70–71. 
https://doi.org/https://doi.org/10.1039/B210714G. 

[47] S. Higashino, A.P. Abbott, M. Miyake, T. Hirato, Iron(III) chloride 
and acetamide eutectic for the electrodeposition of iron and iron 
based alloys, Electrochim. Acta. 351 (2020) 136414. 
https://doi.org/10.1016/j.electacta.2020.136414. 

[48] C.G. González, N.R. Mustafa, E.G. Wilson, R. Verpoorte, Y.H. 
Choi, Application of natural deep eutectic solvents for the 
“green”extraction of vanillin from vanilla pods, Flavour Fragr. J. 
33 (2018) 91–96. https://doi.org/10.1002/ffj.3425. 

[49] Y. Guo, Y. Li, Z. Li, L. Jiang, X. Cao, W. Gao, J. Wang, D. Luo, 
F. Chen, Deep eutectic solvent-homogenate based microwave-
assisted hydrodistillation of essential oil from Litsea cubeba 
(Lour.) Pers. fruits and its chemical composition and biological 
activity, J. Chromatogr. A. 1646 (2021). 
https://doi.org/10.1016/j.chroma.2021.462089. 

[50] J.L. Shamshina, O. Zavgorodnya, R.D. Rogers, Ionic Liquids, in: 



Sustainable extraction of perfumery plant 

Encycl. Anal. Sci., Third Edit, Elsevier, 2019: pp. 218–225. 
https://doi.org/10.1016/B978-0-12-409547-2.13931-9. 

[51] H. Ullah, C.D. Wilfred, M.S. Shaharun, Ionic liquid-based 
extraction and separation trends of bioactive compounds from 
plant biomass, Sep. Sci. Technol. 54 (2019). 
https://doi.org/10.1080/01496395.2018.1505913. 

[52] M.F.C. Gomes, J.N.C. Lopes, A.A.H. Padua, Thermodynamics and 
Micro Heterogeneity of Ionic Liquids, in: Ion. Liq. Top. Curr. 
Chem., Springer, 2009. 
https://doi.org/https://doi.org/10.1007/128_2009_2. 

[53] C. Friedel, J. Crafts, Sur une méthode générale nouvelle de 
synthése d’hydrocarbures, d’acetone, ect, Comptes Rendus. 
(1877). 

[54] H.C. Brown, H.W. Pearsall, The action of the catalyst couple 
Aluminum Chloride-Hydrogen Cloride on Toluene at law 
temperatures; the nature of Friedel-Crafts cmplexes, J. Am. Chem. 
Soc. 74 (1952) 191–193. 
https://doi.org/https://doi.org/10.1021/ja01121a049. 

[55] P. Walden, Molecular Weights and Electrical Conductivity of 
Several Fused Salts, Bull. l’Académie Impériale Des Sci. St.-
Pétersbg. 1800 (1914) 405−422. 

[56] J.S. Wilkes, A short history of ionic liquids - From molten salts to 
neoteric solvents, Green Chem. 4 (2002) 73–80. 
https://doi.org/10.1039/b110838g. 

[57] K.R. Seddon, Ionic liquids: A taste of the future, Nat. Mater. 2 
(2003) 363–365. https://doi.org/10.1038/nmat907. 

[58] R.D. Rogers, K.R. Seddon, Ionic Liquids as Green Solvents: 
Progress and prospects, American Chemical Society, 2003. 
https://doi.org/10.1021/bk-2003-0856.fw001. 

[59] T. Welton, Ionic liquids: a brief history, Biophys. Rev. 10 (2018) 
691–706. https://doi.org/10.1007/s12551-018-0419-2. 

[60] R.P. Swatloski, S.K. Spear, J.D. Holbrey, R.D. Rogers, Dissolution 
of cellose with ionic liquids, J. Am. Chem. Soc. 124 (2002) 4974–
4975. https://doi.org/10.1021/ja025790m. 

[61] K. Bica, P. Gaertner, R.D. Rogers, Ionic liquids and fragrances – 
direct isolation of orange essential oil, Green Chem. 13 (2011) 
1997–1999. https://doi.org/10.1039/c1gc15237h. 

[62] M.E. Lucchesi, F. Chemat, J. Smadja, Solvent-free microwave 
extraction of essential oil from aromatic herbs: Comparison with 
conventional hydro-distillation, J. Chromatogr. A. 1043 (2004) 
323–327. https://doi.org/10.1016/j.chroma.2004.05.083. 

[63] P. Tatke, Y. Jaiswal, An overview of microwave assisted extraction 
and its applications in herbal drug research, Res. J. Med. Plant. 5 
(2011) 21–31. https://doi.org/10.3923/rjmp.2011.21.31. 

[64] K. Ganzler, A. Salgo, K. Valko, Microwave extraction: a novel 
sample preparation method for chromatography, J. Chromatogr. 



Chemistry of flavours and fragrances 
 

371 (1986) 299–306. https://doi.org/10.1016/S0021-
9673(01)94714-4. 

[65] M.D. Luque de Castro, M.A. Fernández-Peralbo, B. Linares-Zea, 
J. Linares, The Role of Microwaves in the Extraction of Fats and 
Oils, in: Microwave-Assisted Extr. Bioact. Compd., Springer, 
2012: pp. 69–102. 

[66] Y. Li, A.-S. Fabiano-Tixier, M. Abert-Vian, F. Chemat, 
Microwave-Assisted Extraction of Antioxidants and Food Colors, 
in: Microwave-Assisted Extr. Bioact. Compd., Springer, 2012: pp. 
103–126. 

[67] F. Chemat, M. Abert-Vian, X. Fernandez, Microwave-Assisted 
Extraction of Essential Oils and Aromas, in: Microwave-Assisted 
Extr. Bioact. Compd., Springer, 2012: pp. 53–68. 

[68] A.A. Craveiro, F.J.A. Matos, J.W. Alencar, M.M. Plumel, 
Microwave oven extraction of an essential oil, Flavour Fragr. J. 4 
(1989) 43–44. https://doi.org/10.1002/ffj.2730040110. 

[69] L. Petigny, S. Périno, M. Minuti, F. Visinoni, J. Wajsman, F. 
Chemat, Simultaneous microwave extraction and separation of 
volatile and non-volatile organic compounds of boldo leaves. from 
lab to industrial scale, Int. J. Mol. Sci. 15 (2014) 7183–7198. 
https://doi.org/10.3390/ijms15057183. 

[70] A. Filly, X. Fernandez, M. Minuti, F. Visinoni, G. Cravotto, F. 
Chemat, Solvent-free microwave extraction of essential oil from 
aromatic herbs: From laboratory to pilot and industrial scale, Food 
Chem. 150 (2014) 193–198. 
https://doi.org/10.1016/j.foodchem.2013.10.139. 

[71] N. Bousbia, M. Abert Vian, M.A. Ferhat, E. Petitcolas, B.Y. 
Meklati, F. Chemat, Comparison of two isolation methods for 
essential oil from rosemary leaves: Hydrodistillation and 
microwave hydrodiffusion and gravity, Food Chem. 114 (2009) 
355–362. https://doi.org/10.1016/j.foodchem.2008.09.106. 

[72] F. Chemat, E. Lucchesi, M, J. Smadia, Solvent-Free Microwave 
Solvent-free microwave extraction of volatile natural substances, 
US 2004/0187340 A1, 2004. 

[73] R. Ciriminna, D. Carnaroglio, R. Delisi, S. Arvati, A. Tamburino, 
M. Pagliaro, Industrial Feasibility of Natural Products Extraction 
with Microwave Technology, ChemistrySelect. 1 (2016) 549–555. 
https://doi.org/10.1002/slct.201600075. 

[74] E. Destandau, T. Michel, Chapter 4: Microwave-assisted 
Extraction, in: J. Prado, M. Rostagno (Eds.), Nat. Prod. Extr. Princ. 
Appl., Royal Society of Chemistry, 2022. 
https://doi.org/10.1039/9781839165894. 

[75] E.E. Stashenko, B.E. Jaramillo, J.R. Martínez, Analysis of volatile 
secondary metabolites from Colombian Xylopia aromatica 
(Lamarck) by different extraction and headspace methods and gas 



Sustainable extraction of perfumery plant 

chromatography, J. Chromatogr. A. 1025 (2004) 105–113. 
https://doi.org/10.1016/j.chroma.2003.10.059. 

[76] G. Flamini, M. Tebano, P.L. Cioni, L. Ceccarini, A.S. Ricci, I. 
Longo, Comparison between the conventional method of 
extraction of essential oil of Laurus nobilis L. and a novel method 
which uses microwaves applied in situ, without resorting to an 
oven, J. Chromatogr. A. 1143 (2007) 36–40. 
https://doi.org/10.1016/j.chroma.2007.01.031. 

[77] N. Sahraoui, M.A. Vian, I. Bornard, C. Boutekedjiret, F. Chemat, 
Improved microwave steam distillation apparatus for isolation of 
essential oils. Comparison with conventional steam distillation, J. 
Chromatogr. A. 1210 (2008) 229–233. 
https://doi.org/10.1016/j.chroma.2008.09.078. 

[78] F. Chemat, M. Vian, F. Visinoni, Microwave hydrodiffusion for 
isolation of natural products, EP 1 955 749 A1, 2008. 
http://info.sipcc.net/files/patent/fulltext/EP/200605/EP2099194A
1/EP2099194A1.PDF. 

[79] Norme ISO, ISO 9235 Matières premières aromatiques naturelles 
— Vocabulaire, (2021). 
https://standards.iteh.ai/catalog/standards/sist/599cef4e-41ea-
48e7-8dd1- 2039e0ec6fbf/iso-9235-2021. 

[80] M.A. Vian, X. Fernandez, F. Visinoni, F. Chemat, Microwave 
hydrodiffusion and gravity, a new technique for extraction of 
essential oils, J. Chromatogr. A. 1190 (2008) 14–17. 
https://doi.org/10.1016/j.chroma.2008.02.086. 

[81] K.S. Suslick, The chemical effect of ultrasound, Sci. Am. 260 
(1989) 80–86. https://doi.org/10.1038/scientificamerican0289-80. 

[82] F. Chemat, Zill-E-Huma, M.K. Khan, Applications of ultrasound 
in food technology: Processing, preservation and extraction, 
Ultrason. Sonochem. 18 (2011) 813–835. 
https://doi.org/10.1016/j.ultsonch.2010.11.023. 

[83] A.C. Kimbaris, N.G. Siatis, D.J. Daferera, P.A. Tarantilis, C.S. 
Pappas, M.G. Polissiou, Comparison of distillation and ultrasound-
assisted extraction methods for the isolation of sensitive aroma 
compounds from garlic (Allium sativum), Ultrason. Sonochem. 13 
(2006) 54–60. https://doi.org/10.1016/j.ultsonch.2004.12.003. 

[84] A. jun Hu, S. Zhao, H. Liang, T. qiu Qiu, G. Chen, Ultrasound 
assisted supercritical fluid extraction of oil and coixenolide from 
adlay seed, Ultrason. Sonochem. 14 (2007) 219–224. 
https://doi.org/10.1016/j.ultsonch.2006.03.005. 

[85] J. Zorga, A. Kunicka-Styczyńska, R. Gruska, K. Śmigielski, 
Ultrasound-Assisted Hydrodistillation of Essential Oil from Celery 
Seeds (Apium graveolens L.) and Its Biological and Aroma 
Profiles, Molecules. 25 (2020). 
https://doi.org/10.3390/MOLECULES25225322. 

[86] A. Carreira-Casais, P. Otero, P. Garcia-Perez, P. Garcia-Oliveira, 



Chemistry of flavours and fragrances 
 

A.G. Pereira, M. Carpena, A. Soria-Lopez, J. Simal-Gandara, M.A. 
Prieto, Benefits and drawbacks of ultrasound-assisted extraction 
for the recovery of bioactive compounds from marine algae, Int. J. 
Environ. Res. Public Health. 18 (2021). 
https://doi.org/10.3390/ijerph18179153. 

[87] J.M. Prado, P.C. Veggi, M.A.A. Meirele, Chapter 20 Scale-Up 
Issues and Cost of Manufacturing Bioactive Compounds by 
Supercritical Fluid Extraction and Ultrasound Assisted Extraction, 
in: Glob. Food Secur. Wellness, Springer, 2017: pp. 377–433. 
https://doi.org/10.1007/978-1-4939-6496-3. 

[88] V. RAPINEL, N. ROMBAUT, N. RAKOTOMANOMANA, A. 
VALLAGEAS, F. CHEMAT, Gaz liquéfiés comme solvants 
alternatifs appliqués à l’éco-extraction du végétal, Tech. 
l’Ingenieur. (2021). https://www.techniques-ingenieur.fr/base-
documentaire/procedes-chimie-bio-agro-th2/operations-unitaires-
extractions-fluide-fluide-et-fluide-solide-42332210/gaz-liquefies-
comme-solvants-alternatifs-appliques-a-l-eco-extraction-du-
vegetal-j2775/. 

[89] E.S. Giray, S. Kirici, D.A. Kaya, M. Türk, Ö. Sönmez, M. Inan, 
Comparing the effect of sub-critical water extraction with 
conventional extraction methods on the chemical composition of 
Lavandula stoechas, Talanta. 74 (2008) 930–935. 
https://doi.org/10.1016/j.talanta.2007.07.040. 

[90] A.L. Dawidowicz, E. Rado, D. Wianowska, M. Mardarowicz, J. 
Gawdzik, Application of PLE for the determination of essential oil 
components from Thymus vulgaris L., Talanta. 76 (2008) 878–
884. https://doi.org/10.1016/j.talanta.2008.04.050. 

[91] A. Perez-Vazquez, M. Carpena, P. Barciela, L. Cassani, J. Simal-
Gandara, M.A. Prieto, Pressurized Liquid Extraction for the 
Recovery of Bioactive Compounds from Seaweeds for Food 
Industry Application: A Review, Antioxidants. 12 (2023). 
https://doi.org/10.3390/antiox12030612. 

[92] D. Luong, M.A. Sephton, J.S. Watson, Subcritical water extraction 
of organic matter from sedimentary rocks, Anal. Chim. Acta. 879 
(2015) 48–57. https://doi.org/10.1016/j.aca.2015.04.027. 

[93] M.Z. Özel, A.A. Clifford, Superheated water extraction of 
fragrance compounds from Rosa canina, Flavour Fragr. J. 19 
(2004) 354–359. https://doi.org/10.1002/ffj.1317. 

[94] T. Miyashita, H. Etoh, Improvement of the bitterness and 
astringency of green tea by sub-critical water extraction, Food Sci. 
Technol. Res. 19 (2013) 471–478. 
https://doi.org/10.3136/fstr.19.471. 

[95] P. Mottahedin, A. Haghighi Asl, M. Khajenoori, Extraction of 
Curcumin and Essential Oil from Curcuma longa L. by Subcritical 
Water via Response Surface Methodology, J. Food Process. 



Sustainable extraction of perfumery plant 

Preserv. 41 (2017) 1–9. https://doi.org/10.1111/jfpp.13095. 
[96] A. Dobreva, D. Nedeltcheva-Antonova, N. Nenov, K. Getchovska, 

L. Antonov, Subcritical extracts from major species of oil-bearing 
roses—a comparative chemical profiling, Molecules. 26 (2021) 1–
15. https://doi.org/10.3390/molecules26164991. 

[97] V. Rapinel, N. Rombaut, N. Rakotomanomana, A. Vallageas, G. 
Cravotto, F. Chemat, An original approach for lipophilic natural 
products extraction: Use of liquefied n-butane as alternative 
solvent to n-hexane, LWT - Food Sci. Technol. 85 (2017) 524–533. 
https://doi.org/10.1016/j.lwt.2016.10.003. 

[98] N. Nenov, V. Gochev, T. Girova, I. Stoilova, T. Atanasova, V. 
Stanchev, A. Stoyanova, Low temperature extraction of essential 
oil bearing plants by liquefied gases. 6. barks from cinnamon 
(cinnamomum zeylanicum nees), J. Essent. Oil-Bearing Plants. 14 
(2011) 67–75. https://doi.org/10.1080/0972060X.2011.10643902. 

[99] W.N. Arnold, Hydrolytic enzymes, in: D.R. Berry, I. Russell, G.G. 
Stewart (Eds.), Yeast Biotechnol., Springer, Dordrecht, 1987: pp. 
369–400. https://doi.org/https://doi.org/10.1007/978-94-009-
3119-0_12. 

[100] S.S. Nadar, P. Rao, V.K. Rathod, Enzyme assisted extraction of 
biomolecules as an approach to novel extraction technology: A 
review, Food Res. Int. 108 (2018) 309–330. 
https://doi.org/10.1016/j.foodres.2018.03.006. 

[101] J. Chandran, K.P.P. Amma, N. Menon, J. Purushothaman, P. 
Nisha, Effect of enzyme assisted extraction on quality and yield of 
volatile oil from black pepper and cardamom, Food Sci. 
Biotechnol. 21 (2012) 1611–1617. https://doi.org/10.1007/s10068-
012-0214-y. 

[102] O. Kirk, T.V. Borchert, C.C. Fuglsang, Industrial enzyme 
applications, Curr. Opin. Biotechnol. 13 (2002) 345–351. 
https://doi.org/10.1016/S0958-1669(02)00328-2. 

[103] P. Streimikyte, P. Viskelis, J. Viskelis, Enzymes-Assisted 
Extraction of Plants for Sustainable and Functional Applications, 
Int. J. Mol. Sci. 23 (2022). https://doi.org/10.3390/ijms23042359. 

[104] B. Berka-Zougali, A. Hassani, C. Besombes, K. Allaf, Extraction 
of essential oils from Algerian myrtle leaves using instant 
controlled pressure drop technology, J. Chromatogr. A. 1217 
(2010) 6134–6142. https://doi.org/10.1016/j.chroma.2010.07.080. 

[105] W.A. Hamilton, A.J.H. Sale, Effects of high electric fields on 
microorganisms. II. Mechanism of action of the lethal effect, BBA 
- Gen. Subj. 148 (1967) 789–800. https://doi.org/10.1016/0304-
4165(67)90053-0. 

[106] S. Carpentieri, A. Režek Jambrak, G. Ferrari, G. Pataro, Pulsed 
Electric Field-Assisted Extraction of Aroma and Bioactive 
Compounds From Aromatic Plants and Food By-Products, Front. 
Nutr. 8 (2022) 1–12. https://doi.org/10.3389/fnut.2021.792203. 



Chemistry of flavours and fragrances 
 

[107] M. Mileva, Y. Ilieva, G. Jovtchev, S. Gateva, M.M. Zaharieva, A. 
Georgieva, L. Dimitrova, A. Dobreva, T. Angelova, N. 
Vilhelmova-Ilieva, V. Valcheva, H. Najdenski, Rose flowers—a 
delicate perfume or a natural healer?, Biomolecules. 11 (2021) 1–
32. https://doi.org/10.3390/biom11010127. 

[108] H. Iwata, T. Kato, S. Ohno, Triparental origin of Damask roses, 
Gene. 259 (2000) 53–59. https://doi.org/10.1016/S0378-
1119(00)00487-X. 

[109] T. Cachet, H. Brevard, A. Chaintreau, J. Demyttenaere, L. French, 
K. Gassenmeier, D. Joulain, T. Koenig, H. Leijs, P. Liddle, G. 
Loesing, M. Marchant, P.H. Merle, K. Saito, C. Schippa, F. Sekiya, 
T. Smith, IOFI recommended practice for the use of predicted 
relative-response factors for the rapid quantification of volatile 
flavouring compounds by GC-FID, Flavour Fragr. J. 31 (2016) 
191–194. https://doi.org/10.1002/ffj.3311. 

[110] A. Younis, M. Aslam, K. Asif, A. Khan, A. Riaz, M.A. Pervez, 
Effect of Different Extraction Methods on Yield and Quality of 
Essential Oil from Four Rosa Species, Floric. Ornam. Biotechnol. 
1 (2007) 73–76. 

[111] E. sz. Kováts, Composition of essential oils. Part 7. Bulgarian oil 
of rose (Rosa Damascena mill.), J. Chromatogr. 406 (1987) 185–
222. https://doi.org/10.1016/S0021-9673(00)94030-5. 

[112] The Good Scents Company Information System, Nonadecane, 
(n.d.). 
https://www.thegoodscentscompany.com/data/rw1069421.html 
(accessed December 6, 2023). 

 
 


