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ABSTRACT 
Background: One of the principal aims of Cleaner production (CP) remains the dissemination and teaching of clean chemistry to both 

developed and developing nations. This paper describes one attempt to show that “north-south” collaborations yield innovative clean 
technologies which give major benefits for both nations. Objective: In this paper we present early results from a solvent free microwave 

extraction (SFME) of essential oils using fresh orange peel, a by-product in the production of orange juice in Algeria. Results: SFME is 

performed at atmospheric pressure without added any solvent or water. SFME increases essential oil yield and eliminate wastewater 
treatment. Conclusion: The procedure is appropriate for the teaching and research laboratory, and allows the students and researchers to 

learn extraction, chromatographic and spectroscopic analysis skills, and are expose to dramatic visual example of rapid and clean extraction 

of essential oil , and are introduced to commercially successful clean chemical processing with microwave. 
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INTRODUCTION 

 

In general, an analytical procedure for essential oils or aromas from plants or spices comprises two steps: 

extraction (e.g. steam distillation, hydro-distillation and simultaneous distillation-extraction) and analysis (e.g. 

gas chromatography (GC) or gas chromatography coupled to mass spectrometry (GC-MS)(Please added 

Refrences). While the analysis step is complete after only 15 to 30 minutes, extraction takes at least several 

hours. It is frequently done by a prolonged heating and stirring in boiling water)(Please added Refrences). The 

principal limiting step of the sample treatment is the extraction of essential oil from the matrix, which consists in 

transferring the compounds into boiling water followed by azeotropic distillation, condensation and physical 

separation)(Please added Refrences). The essential oil is constituted not only of the compounds of interest at 

high concentration or trace levels but also of co-extracted compounds (e.g. water, endogenous compounds and 

other contaminants) which can interfere with the analysis)(Please added Refrences). It is necessary to purify 

extracts, to re-concentrate or to dilute them. The analysis is performed by a fine separation coupled to a sensitive 

and selective detector, typically gas chromatography coupled to mass spectrometry (GC-MS) (Please added 

Refrences). The choice of the technique is the result of a compromise between efficiency and reproducibility of 

extraction, ease of procedure, together with considerations of cost, time, the degree of automation and safety. 

These shortcomings have led to the consideration of the use of new "clean" technique in essential oil extraction, 
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which typically use less solvent and energy, such as supercritical fluid extraction [1], ultrasound extraction [2], 

subcritical water extraction [3], controlled pressure drop process [4], and microwave extraction [5]. 

Here we describe a fast solvent free microwave extraction, known as ‘‘SFME’’ or “DryDist”. Based on a 

relatively simple principle, this method involves placing plant material in a microwave reactor, without any 

added solvent or water. The internal heating of the in situ water within the plant material distends the plant cells 

and leads to rupture of the glands and oleiferous receptacles. This process thus frees essential oil which is 

evaporated by the in situ water of the plant material. A cooling system outside the microwave oven condensed 

the distillate continuously. The excess of water was refluxed to the extraction vessel in order to restore the in 

situ water to the plant material. 

In this paper, the new laboratory procedure is summarized in the experimental section. In the results and 

discussion section, both the chemical and clean lessons of this process are discussed and extensions are 

proposed. Microwaves (MW) are electromagnetic waves with a frequency range from 100 MHz to 3 GHz. MWs 

comprise electric and magnetic field components and thus constitute propagating electromagnetic energy. This 

energy acts as a non-ionising radiation that causes molecular motions of ions and rotation of the dipoles, but 

does not affect molecular structure. 

When dielectric materials containing either permanent or induced dipoles are place in a microwave field, 

the rotation of the dipoles in the alternating field produces heat. More precisely, the applied microwave field 

causes the molecules, on average, to spend slightly more time orienting themselves in the direction of the 

electric field rather than in other directions. When the electric field is removed, thermal agitation returns the 

molecules to a disordered state in the relaxation time and thermal energy is released. Thus microwave heating 

results from the dissipation of the electromagnetic waves in the irradiated medium. The dissipated power in the 

medium depends on the complex permittivity of the material and the local time-averaged electric field strength. 

In conventional heating, heat is transferred from the heating medium to the interior of the sample, while in 

microwave heating, heat is dissipated volumetrically inside the irradiated medium. MW is volumetrically 

distributed heating, and heat transfers occur from the sample to the colder environment. This causes an 

important difference between conventional and microwave heating. In conventional heating, heat transfer 

depends on thermal conductivity, on the temperature difference across the sample, and, for fluids, on convection 

currents. As a result, the temperature increase is often rather slow. By contrast, in microwave heating, due to the 

volumetric heating effect, much faster temperature increases can be obtained, depending on the microwave 

power and the dielectric loss factor of the material being irradiated (Figure 1).  

Although microwaves heat volumetrically, it is well known that the electromagnetic field distribution is not 

even in the irradiated material, thus the energy is not homogeneously dissipated. The electric field distribution 

depends on the geometry of the heated object and the dielectric properties. For media which readily absorb 

microwaves, i.e. for which the loss factor is > 5, the penetration depth Dp at which the dissipated power is 

reduced to 1/e of surface value might be a limiting factor 













2
0

PD  where : wave length; ’: dielectric 

constant, ": loss factor. If this dimension is much smaller than the dimension of the object being heated, 

localized surface heating will occur. For more transparent media, e.g. with a loss factor < 0.01, penetration 

depth will not be problematical but dissipating enough power will. In addition, the occurrence of standing wave 

patterns will result in “hot spots” if the power dissipation is faster than the heat transfer to surrounding colder 

areas. As a rule of thumb; a standing wave pattern can occur if the characteristic dimension of the object is 

several half wave length larger than the wavelength of radiation in the material. Hot spots have been observed in 

poorly conductive materials (solids or highly viscous media) and at the surface of boiling liquids by IR 

measurements. 

The advantages of using microwave energy, a non contact heat source, include faster energy absorption, 

reduced thermal gradients, and selective heating)(Please added Refrences). For extraction of essential oils from 

plant materials, the benefits could include: more effective heating, fast heating, reduced equipment size, faster 

response to process heating control, faster start-up, increased production, and elimination of process 

steps)(Please added Refrences). 
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Fig. 1: Characteristics of the microwave heating 

 

MATERIALS AND METHODS 

 

SFME has been performed using the “DryDist” microwave oven illustrated in figure 2 [6]. In a typical 

MAD procedure performed at atmospheric pressure, 200 g of fresh orange peels were heated using a fixed 

power of 200 W for 10 minutes without added any solvent or water [7]. The extraction was continued at 100°C 

until no more essential oil was obtained. For comparison, 200 g of fresh orange peels were submitted to hydro-

distillation with a Clevenger-type apparatus [8] according to the European Pharmacopoeia and extracted with 2 

L of water for 3 hours (until no more essential oil was obtained). Another comparison has been made by cold 

Pressing apparatus and procedure. Essential oil is collected from 1 kg of whole orange fruit using an automated 

cold pressing machine from Schwaub. The epidermis and oil glands were lacerated by a needle, creating areas of 

compression in the peel, surrounded by areas of lower pressure, across which the oil flows to the exterior. The 

oil is carried down to a decantation vessel in a stream of water, the emulsion being collected and then separated 

by centrifugation. The essential oil was collected, dried under anhydrous sodium sulphate and stored at 4°C until 

used. 

Cooler

Essential oil

Aqueous phase

Plant material

Microwave oven

 
Fig. 2: Solvent-Free Microwave Extraction System 
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A Hewlett-Packard 6890 GC system was used for gas chromatography analysis, fitted with a fused-silica-

capillary column with an apolar stationary phase HP5MSTM (30 m x 0.25 mm x 0.25 µm film thickness). The 

column temperature progress from 60 to 280°C at 2°C min-1. Injection was performed at 250°C in the splitless 

mode; 1 µL of sample was injected. A flow rate of 0.3 ml/min carrier gas (N2) was used. Flame ionisation 

detection was performed at 320°C. The essential oils were also analysed by gas chromatography coupled to 

mass spectrometry (GC-MS) (Hewlett-Packard computerized system comprising a 6890 gas chromatograph 

coupled to a 5973A mass spectrometer) using the same column HP5MSTM. Identification of the components was 

achieved from their relative retention indices on HP5MSTM column, determined with reference to an 

homologous series of C5-C28 n-alkanes, and by a comparison of their mass spectral fragmentation patterns with 

those stored in the data bank (Wiley/NBS library) and the literature [9]. 

 

RESULTS AND DISCUSSION 

 

Solvent free microwave extraction (SFME), as well as hydro-distillation (HD) and cold pressing (CP) as 

methods for the extraction of essential oil from orange peels, are compared in term of extraction time, quality of 

the oil, efficiency and costs. Table 1 lists the grouped compounds in essential oil: oxygenated and non-

oxygenated fractions, and composition of chemical families of orange essential oils obtained by different 

extraction methods. The comparison of yields, extraction times, and detailed composition for each extract are 

also reported. 

 
Table 1: Chemical compositions of essential oils obtained by SFME, HD, and CP extraction from orange peels. 

N° Compounds a R.I. b R.I .c                  Valencia Late 

                                                                                       SFMEe HDf    CPh    

 Monoterpene Hydrocarbons   97.48 98.61 98.32 

1 Thujene<Alpha-> 920 1036 - - - 

2 Pinene<Alpha-> 926 1023 0.43 0.53 0.51 

3 Sabinene  961 1121 0.54 0.49 0.54 

4 Pinene<Beta-> 974 1109 - - - 

5 Myrcene<Beta-> 988 1165 1.64 1.87 1.82 

6 Phellandrene<Alpha-> 1001 1177 0.15 0.17 0.36 

7 Terpinene<Alpha-> 1020 1083 - - - 

8 Limonene 1030 1206 94.64 95.48 95.06 

9 Ocimene<( E )-Beta-> 1048 1282 0.02 0.02 0.02 

10 Terpinene<Gamma-> 1103 1285 0.05 0.03 0.01 

11 Terpinolene 1120 1304 0.01 0.02 0.01 

 Oxygenated Monoterpenes   1.09 0.58 0.55 

12 Linalool 1125 1538 0.62 0.30 0.30 

13 Citronellal 1167 1478 0.06 0.03 0.04 

14 Terpin-4-ol 1191 1590 0.03 0.06 0.02 

15 Terpineol<Alpha-> 1203 1677 0.10 0.06 0.05 

16 Nerol 1237 1781 0.10 0.03 0.08 

17 Neral 1268 1670 0.05 0.03 0.06 

18 Geraniol 1271 1828 0.04 0.01 - 

19 Geranial 1284 1714 0.09 0.06 0.11 

20 Thymol 1288 2107 - - - 

 Sesquiterpene Hydrocarbons   0.06 0.10 0.15 

21 Caryophellene<E-> 1391 1594 0.02 0.02 0.01 

22 Humulene<Alpha-> 1450 1657 0.01 0.03 0.03 

23 Germacrene D 1477 1696 - - - 

24 Valencene 1488 1705 0.02 0.05 0.02 

25 Bisabolene(Beta-) 1508 1718 - - - 

26 Oxygenated Sesquiterpenes   0.01 - 0.09 

27 Elemol 1540 1381 0.01 - 0.09 

28 Caryophellene Alcohol 1560 1398 - - - 

29 Nootkatone 1799 2250 - - - 

30 Other Oxygenated Compounds   0.50 0.27 0.31 

31 Octanol<N-> 1102 1544 0.15 0.05 - 

32 Nonanal<N-> 1126 1400 0.01 0.01 0.02 

33 Decanal 1210 1497 0.31 0.19 0.27 

34 Linalyl acetate 1255 1553 - - - 

35 Citronellyl Acetate 1342 1645 0.02 0.02 0.01 

36 Neryl Acetate 1351 1706 0.01 - 0.01 

37 Geranyl Acetate 1366 1742 - - - 

38 Dodecanal 1391 1691 - - - 

 Extraction time (min)   10 180 60 

 Yield %   0.40 0.40 0.16 

 Total Oxygenated Compounds %   1.60 0.82 0.95 
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Total non- Oxygenated 

Compounds % 

97.54 98.71 98.47 

 
a Essential oil compounds sorted by chemical families and percentages calculated by GC-FID on non-polar HP5MSTM capillary column. 
b Retention indices calculated on non-polar HP5MSTM capillary column. 
c Retention indices calculated on polar CarbowaxTM-PEG capillary column. 
e SFME : solvent free microwave extraction 
f HD : hydro-distillation 
h CP : cold pressing 
 

Clean production rapidity: 

The SFME is clearly quicker than its conventional counterparts. The extraction takes 10 min., whilst 1 hour 

and 3 hours were required by cold pressing and hydro-distillation, respectively. For the case of CP, an additional 

time of centrifugation (30 min.) of the emulsion containing essential oil could be added to the real extraction 

time (1 h.). For HD or SFME, the extraction temperature is equal to water boiling temperature at atmospheric 

pressure (100°C). To reach this extraction temperature (100°C) and thus obtain the distillation of the first 

essential oil droplet, it is necessary to heat only 2 min. with SFME against 30-40 min. for HD.  

 

Clean production efficiency: 

Tables 1compare essential oil yields as well as the oxygenated fraction contents present in the essential oil 

from SFME, HD and CP. Yields express in grams of essential oil by 100 grams of orange fruits. The essential 

oil yield from SFME (0.4%) was substantially equal to HD (0.4%) and higher than CP (0.16%). The oxygenated 

fraction in essential oil samples from SFME (1.6%) was 40 % higher than HD (0.82%) and 30% higher than CP 

(0.95%).  

Monoterpene hydrocarbons are less valuable than oxygenated compounds in terms of their contribution to 

the fragrance of the essential oil. Conversely, the oxygenated compounds are highly odoriferous and, hence, the 

most valuable. The monoterpene hydrocarbons (limonene…) are present in larger amounts in the hydro-distilled 

essential oil than the SFME essential oil, but the extract obtained by SFME is more concentrated in oxygenated 

compounds. The greater proportion of oxygenated compounds in the SFME essential oils is probably due to the 

diminution of thermal and hydrolytic effects, compared with CP which uses a large quantity of water and with 

HD which is time and energy consuming. Water is a polar solvent, which accelerates many reactions, especially 

reactions via carbocation as intermediates. Great differences between the compositions for theses extraction 

methods can be noted for the extraction of essential oil from orange peels. The essential oil of orange peels 

isolated either by SFME, CP and HD contains the same dominant components. Linalol was the main oxygenated 

component in the essential oil extracted from orange peels but the relative amounts differed for the three 

extraction methods. It is the most abundant oxygenated component of the SFME extract 0.62%, whereas the HD 

and CP extracts contain 0.3%. For the case of CP extraction, orange essential oil is agitated vigorously with 

water, a gradual diminution of water soluble oxygenated compounds occurs. Colloid substances always 

accompany the liberated orange oil, tending to promote emulsification. Therefore, CP gives lower extraction 

yields and lower oxygenated compounds content but it is the reference for Citrus oil extraction because of the 

fresh aroma resulting from the CP extraction of essential oil.  

 

Clean Production messages: 

SFME is proposed an “environmentally friendly” extraction method suitable for sample preparation prior to 

essential oil analysis. SFME is a very clean method, which avoids residue generation (CP) and the use of large 

quantity of water and voluminous extraction vessels (HD). The reduced cost of extraction is clearly 

advantageous for the proposed SFME method in terms of energy and time. The energy required to perform the 

three extraction methods are respectively 3 kW.h for HD (electrical energy for heating and evaporating), 0.1 

kW.h for SFME (electrical energy for microwave supply), and 1 kW.h for CP (electrical energy for mechanical 

motor). Regarding environmental impact, the calculated quantity of carbon dioxide rejected in the atmosphere is 

higher in the case of HD (3464 g CO2/ g of essential oil) than for SFME (70 g CO2/ g of essential oil). These 

calculations have been made according to literature: to obtain 1 kW h from coal or fuel, 800 g of CO2 will be 

rejected in the atmosphere during combustion of fossil fuel [10]. 

 

Solvent Free Microwave Extraction mechanisms:  

Understanding, on the molecular scale, of processes relevant to microwave extraction has not yet reached 

the degree of maturity of other topics in extraction. Such a challenge is somewhat ambitious and requires a 

special approach. Microwave extraction interferes with polarization effects that cannot be easily separated from 

physical and chemical properties of extracted molecules. Solvent free microwave extraction and partitioning of 

aromatic compounds may occur by one of these two proposed extraction mechanisms or as a combination:  
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• For a sample with a high dielectric loss (high water content), efficient extractions can be performed using 

only microwaves without added any solvent or water. This is possible since the water inside the sample matrix 

will be locally heated. Microwaves interact with the free water molecules present in the glands and vascular 

systems. Thus, such systems undergo a dramatic expansion, with subsequent rupture of the tissue, allowing the 

essential oil to flow towards the water layer. This Mechanism I is based also on the ability of essential oil 

components to dissolve in water. The solubilisation is then the limiting step and solubility becomes the essential 

parameter which induces the microwave SFME selective extraction.  

• Essential oils contain organic compounds that strongly absorb microwave energy (Mechanism II). 

Compounds with high and low dipolar moments could be extracted in various proportions by microwave 

extraction. Organic compounds that have a high dipolar moment will interact more vigorously with microwaves 

and can be extracted more easily in contrast with aromatic compounds which have low dipolar moments.  

 

Conclusion: 

Microwave energy is a key enabling technology in achieving the objective of sustainable “clean” 

production for research, teaching and commercial applications. It has been shown that solvent-free conditions 

are especially suited to microwave-assisted organic synthesis, as reactions can be run safely under atmospheric 

pressure in the presence of significant amounts of products. Solvent free microwave extraction has been 

conceived following the concepts of solvent free microwave synthesis. When coupled to microwave radiation, 

solvent free techniques have proved to be of special efficiency as clean and economic procedures. Major 

improvements and simplifications over conventional methods originate from their rapidity, their enhancement in 

yields and product purities.  
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