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a b s t r a c t

Détente Instantanée contrôlée (DIC), French for Instant Controlled Pressure Drop, was performed on lab-
oratory apparatus as well as on a pilot plant for proving its feasibility, and identifying the optimized
processing conditions and recognizing the energy consumption and the quantity of water used for such
an operation. GC–MS and SPME analysis of the extracts and residue material were carried out to assess the
extracts and solid residues. The lavandin essential oils obtained by using the new DIC extraction process
was studied, modeled and quantitatively and qualitatively compared to the conventional hydrodistilla-
eywords:
nstant controlled pressure drop DIC
ssential oil
ydrodistillation
avandin
nergy consumption

tion method. The most important differences between the two essential oils were reflected in the yields,
with 4.25 as against 2.3 g EO/100 g of raw matter, and in the extraction time, with 480 s as against some
hours for respectively the DIC and the hydrodistillation operations. These differences have been pre-
viewed through the fundamental analysis. They can normally explain the great decreasing of energy
consumption to be 662 kWh/t of raw material. The amount of water to be added was about 42 kg water/t
odeling of raw material.

. Introduction

Lavandin Grosso, Lavandula intermedia var. Grosso, is a sterile
lone issued from hybridization between Lavandula angustifolia
iller (formely L. officinalis ou L. vera) and Lavandula latifolia Vill

formely L. spica). This plant belongs to Lamiaceaes (or Labiatae)
ncludes various varieties [1]. Several Lavandula species are essen-
ial oil plants [2]. Thus, Lavandula Grosso was selected because of
ts high essential oil yields as well as its very robust culture. How-
ver, the essential oil composition is somewhere different from
hat of Lavandula angustifolia mainly due to the presence of cam-
hor. Moreover, this composition would present some changes
hrough one or several factors possibly intervening synergisti-
ally such as genotype and agronomic factors (pH, fertilizer type,
tc.), geographic origin, virus infection, etc. [3,4]. Composition and
ields can vary depending on temperature and steam pressure
f extraction process [5]. These essential oils can be used as fra-

rances for decorative cosmetic, fine perfume, shampoo, toilet soap
nd other toiletry applications as well as in non-cosmetic prod-
cts such as household cleaners and detergents [2,6]. Its effects
s insecticide or repulsive were studied without precisely iden-
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tifying the compounds responsible of such effects [7]. It presents
anti-inflammatory, sedative and anti-bacterial attributes, closely
linked to its major compounds as linalol and acetate of linalyl [7,8].
It would have a positive impact on homeostatic system. Ballabeni et
al. [9] proved that lavender essential oils would have anti-platelet
and antithrombotic activities.

Lavandin essential oils are usually extracted by steam distilla-
tion [1]. However, petroleum ether or hexane solvent extraction
can be performed on lavandin inflorescences. The obtained prod-
uct called as a concrete [7] would present numerous disadvantages
[10,11]. Therefore, various other alternatives were tested. Thus
Varona et al. [12], Reverchon et al. [13] and numerous other
authors [14–18] used supercritical or subcritical fluid for extract-
ing and fractioning essential oils. Microwave-assisted extraction
was also largely used as new innovative techniques, such as SFME
(Solvent Free Microwave Extraction) [19–21], VMHD (Vacuum
Microwave HydroDistillation) [22,23], MASE (Microwave-Assisted
Solvent Extraction) [24,25], MWHD (MicroWave HydroDistillation)
[26,27], CAMD (Compressed Air Microwave Distillation) [28] and,
finally, Microwave hydrodiffusion and gravity [29]. Flash-releasing

is presented as brutal pressure variation [30,31]. In a synthetically
work, Luque de Castro et al. [32] observed that at present no one of
these techniques could perfectly answer all exigencies.

In the present work, we studied the new technology of instant
controlled pressure drop DIC, as essential oil extraction process.

dx.doi.org/10.1016/j.chroma.2010.08.050
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
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IC has been defined since 1988 and developed through various
atents and several industrial realizations [33–37]. DIC technol-
gy has been used for the treatment of water-logged-archeological
ood [38], post-harvesting and/or steaming of paddy rice [39], bac-

erial decontamination [36], swell-drying [40,41] and extraction by
utovaporization of volatile molecules [42,43].

. Fundamentals

.1. Coupled heat and mass transfers in steam extraction

Fundamental approach was carried out by Allaf et al. [44]. Aro-
atic plants were considered as porous material where coupled

eat and mass transfer processes intervened. Flow heat can heat
he product, but mainly assure a phase change (liquid–vapor) with a
artial pressure strictly depending on the temperature. In the steam
xtraction, the external heat transfer from the saturated steam
owards the external surface of the grain intervenes by convection
nd condensation. The mass transport (vapor of water and other
olatile molecules) intervenes from the surface of grain within
he surrounding environment to reach the condenser. The driving
orce, which is the gradient of essential oil partial pressure, can be
ntensified by increasing the difference of temperature between the
xchange surface of the material and the condenser, and by setting
hem as close as possible one to each other.

In steam extraction, the exchange surface quickly raises the sat-
rated steam temperature, and gradually spreads heat within the
olid. The internal heat transfer is mainly processed by a similar
onduction phenomenon. The porous structure, with a presence of
ir and water would allow vaporization/condensation phenomena
o intervene inside of the holes within the product; the global phe-
omenon may be traduced by a conduction-type transfer where
he gradient of temperature is conducted as a driving force with a
igher value of effective conductivity. The main part of such heat
ow is used to evaporate water and essential oils within the product
oles.

The transfer of essential oils is assumed to be negligible under a
iquid phase; the main mass transfer phenomenon is a diffusion of
as phase, which can be revealed by a Fick-type’s law with the gra-
ient of the partial pressure of each volatile compound as driving
orce. Whatever the type of the mass transfer within the plant as
porous material, it is assumed to be the limiting process because

he effective mass diffusivity Deff is normally much lower than the
eat diffusivity.

.2. Paradox of coupled heat and gas diffusion transfers

The partial pressures of water and other volatile compounds
nside the holes of the plant considered as porous material closely
epend on the temperature through the thermodynamic liquid/gas
quilibrium of the mixture of the volatile molecules.

The diffusion of any gas within a porous medium is controlled by
he gradient of the concentration as driving force. Allaf et al. (sub-

itted work) assumed in similar cases, the essential oil extraction
ecessarily implies an amount of heat capable to change the liquid

nto gas phase within the porous material. Allaf et al. [44] assumed
he repartition of temperature was stationary during the major part
f the operation because a main part of the heat would be only
sed for evaporating essential oils and water. As the external vapor
partial) pressure is saturated, one can postulate:[ ]

� �∇. �∇T + εabsMeLe

∂

∂t

pe

RT
= 0 (1)

As the mass transfers of different compounds of essential oils
ould be governed by a similar Fick’s law, the formulations of Allaf

45] were separately used. By neglecting the possible shrinkage
Fig. 1. The paradox motion of essential oil extraction implying “front progression”
kinetics.

phenomena, one can assume:(
pe

T

)
�Ve = −Deffe

�∇
(

pe

T

)
(2)

With one r dimension, Eqs. (1) and (2) can be written respec-
tively as:

−�
∂2T

∂r2
+ εabsMeLe

∂[pe/RT]
∂t

= 0 (3)

(
pe

T

)
Ve = −Deffe

(
∂(pe/T)

∂r

)
(4)

On the other hand, as (pe/T) is as higher as the temperature is
higher,

∂(pe/T)
∂T

> 0 (5)

the gradient of mass transfer is then directed from the surface to the
sample core; the result is a paradox implying a motion completely
opposite to that required for the sought operation of essential
oil extraction. In the usual steam extraction of essential oils, the
process is achieved by successive layers with “front progression”
kinetics.

This may further explain that in the steam extraction, it is essen-
tial to reduce the granule size; a grinding pretreatment step is
always required. However, it would be possible to remedy this sit-
uation and make a notable improvement in the kinetics by using
microwave heating and/or moving volatile molecules with a mass
transfer realized by the Total Pressure Gradient TPG process, using
Darcy’s law (see Fig. 1).

2.3. Specificity of the DIC treatment

In the DIC treatment conditions, Allaf et al. [44] assumed the
total pressure of the mixture vapor and essential oils in the porous
material intervening just after the pressure drops to be much higher
than the external pressure. Therefore, whatever the structure of
the porous plant, the mass transfer operation within this porous
matrix has to be performed from the core towards the surrounding
medium through the gradient of the total pressures. The Darcy-type
law can traduce this transfer:
�mVm = − K

vm

∂p

∂r
(6)

By considering mass balance and continuity laws, and by integrat-
ing between the hole (whose radius Ro) and the external radius Rs
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uum tank and the processing vessel; it can be opened in less than
0.1 s. A pilot scale DIC reactor was also used; it is a 95 l processing
vessel and 5 m3 vacuum tank.

After placing the raw material in the treatment vessel and clos-
ing it, a first vacuum stage (about 5 kPa) was established in order to
C. Besombes et al. / J. Chrom

f the spherical shape, Allaf et al. (submitted work) calculated the
art mm of essential oil and vapor mixture removed as:

m = 4
3

�R3
o

〈M〉
RT

(po − pext) (7)

Usually, the time tv of the stage (f) just after pressure drops
ust generally be defined for allowing the vapor mixture to be

ransported towards the surrounding medium and then collected.
One can calculate the amount of heat needed for this autova-

orization as:

= mmLm = mpcpp(Ti − Tf ) (8)

The DIC process seems to be relevant in terms of remedy-
ng the disadvantages of the paradoxical phenomenon and greatly
ntensifying the essential oil extraction. It uses the autovaporiza-
ion instead of (or coupled to) the evaporation process, and the
otal Pressure Gradient TPG instead of the normal diffusion phe-
omenon.

. Materials and methods

The main part of the present investigation was to study the
ffects of the total heating time (t) and the number of cycles (C) as
IC operating parameters, regarding the total yields as the depen-
ent variable. The principle objective was to identify separately the

mpacts of evaporation and autovaporization phenomena through
macro-scale modeling. Indeed, as the DIC implies a high tem-

erature treatment (here up to 160 ◦C), the partial pressure of
apor, and then the evaporation must be much higher than that
f classical steam extraction which is usually performed at 100 ◦C.
evertheless, the fundamental study already had proved that the
utovaporization strictly linked to the pressure drop would greatly
ntervene in the extraction of the essential oils by DIC.

An experimental design was built intervening total thermal
reatment time t and the number of cycles C which is the number
f pressure drops. The first operating parameter must be corre-
ated to the evaporation process while the second one must reveal
he effect of the autovaporization by itself. This investigation was
chieved according to the protocol shown in Fig. 2.

Nevertheless, treatments by steam distillation were performed

s references to compare the DIC extraction yields and kinetics. An
dequate statistical treatment of the data issued from the experi-
ental work carried out in the present article allowed us to study,

nalyze, optimize and model the DIC extraction of essential oils.

Fig. 2. Main stages of DIC – essential oil extraction.
. A 1217 (2010) 6807–6815 6809

3.1. Raw material: the variety Grosso lavandin

Lavender used in this study belonged to the variety Grosso
lavandin; it was provided by the company Distillery Bleu Provence
(Nyon, France). This raw material was harvested during summer,
2003, when weather was characterized by very high temperatures;
its initial moisture content was 11 g H2O/100 g dry matter.

3.2. Steam extraction

The pilot plan steam extraction used in the present study was
purchased from Pignat (Genas, France). Some modifications had
allowed the equipment to be adequate for carrying out various
treatments and quantifications of the amount of essential oil thus
extracted. Raw material was placed on a tray positioned in the ket-
tle above a quantity of boiling water and saturated steam such
generated flowed within the raw material. The mixture of evap-
orated molecules was collected in a condenser. Some amount of
hexane was added in order to capture, separate and quantify the
extracted essential oil possibly present in the water. At the end of
this separation process, condensed water reached the lower part
of the extractor and the mixture of hexane/essential oils could be
recuperated. After the hexane was removed, it was possible to esti-
mate the essential oil yields.

3.3. The instant controlled pressure drop (DIC) process

In the present study, the raw lavandin was directly put in the
DIC reactor processing vessel. Laboratory scale DIC reactor (Fig. 3)
was defined and presented in various papers [46]. It is a 7 l process-
ing vessel with heating jacket, a 0.7 m3 vacuum tank with cooling
water jacket, a water ring vacuum pump, and steam flow valves; a
pneumatic valve assures an “instant” connection between the vac-
Fig. 3. Schematic diagram of the instant controlled pressure drop DIC apparatus:
(1) autoclave with heating jacket; (V2) rapid valve; (2) vacuum tank with cooling
water jacket; (3) vacuum pump; (4) extract container; F1 & F2 steam flow; F3 cooling
water flow.
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Fig. 4. Temperature and pressure history of a cycle of DIC extraction: PA, steam pressure in autoclave; PV, pressure in vacuum tank; TA, temperature in autoclave; TP,
t (c) sa
c m; (f)
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emperature of product. (a) Sample at atmospheric pressure; (b) initial vacuum;
orresponding to saturated steam pressure; (e) abrupt pressure drop towards vacuu
nd vessel temperatures (±0.5 ◦C) during a 1 cycle-DIC treatment.

emove the air presented in the vessel and, thus to assure close con-
act between the surface of the sample and the steam to be injected
ust after (Fig. 4 phase c). High pressure saturated steam used in
ur case was between 0.1 and 0.6 MPa according to the experiment
esign, which allows the product temperature to be between 100
nd 160 ◦C). This stage lasted 5–60 s and ended by an abrupt pres-
ure drop towards vacuum (5 ± 0.2 kPa) by opening the pneumatic
alve V2 (Fig. 3), which assured a decompression rate higher than
.5 MPa s−1. In our case, several DIC-cycles were carried out and
fter finishing the treatment, sample is removed from the treat-
ent vessel [46]. Fig. 4 gives the flow-sheet of this treatment. In our

ase, during the total thermal treatment time (phases d of various
ycles), a part of essential oils must evaporate; the instant pressure
rops towards vacuum would normally simultaneously provoke
n autovaporization of a part of water and volatile molecules
essential oils), a mechanical effect (expansion), and an instan-
aneous cooling of the product immediately stopping its thermal
egradation.

The present study with lavandin started by some preliminary
rials with various operating parameter levels (steam pressure,
hermal treatment time and number of cycles).

In a second time, DIC extraction and classical steam distillation
ere studied in order to compare their own yields as well as the

haracteristics of final residual materials. DIC was achieved at con-
tant saturated steam pressure of 0.6 MPa, with 2 cycles of 2 min of

hermal treatment time for each, which was a total heating time of
min.

In a third time, a specific experimental design [47] was adopted
o identify and compare the effects of the total thermal treatment
ime and the number of cycles, chosen as operating parameters
turated steam injection to reach the selected pressure; (d) constant temperature
vacuum; (g) releasing to the atmospheric pressure. Evolution vs time of the product

(or independent variables). It was to recognize the relative impacts
of respectively evaporation and autovaporization phenomena. The
extraction efficiency EE considered as the main response parameter
(dependent variable) was calculated from GC–MS analysis by sum-
ming the areas, carried out on untreated lavandin (raw material)
and residual solid after DIC treatments, as:

EE (%) = Essential oils in the raw material − Essential oils in DIC residual sample
Essential oils in the raw material

(9)

3.4. Assessment protocol

The measurement of water content by calibration with a
drying oven at 105 ◦C (model 800, Memmert GmbH + Co.KG,
Schwabach, Germany) was carried out just before and just after DIC
treatment.

The intrinsic �int (or skeletal or even true) density and the spe-
cific �spec (or apparent or solid) density of dried lavandin, both
expressed in kg m−3 were identified. The intrinsic density �int was
measured using the Pycnometer method [48]. A pycnometer, model
AccuPyc 1330, from Micromeritics (Verneuil en Halatte, France),
with a cell of 3.5 cm3 was used after calibration at 20 ◦C, with a
2.425055 cm3 tungsten carbide sphere.

The specific density �spec was measured through the method

defined by Louka et al. [49]. The specific density �spec was calculated
according to the following equation:

�spec = �o

( mprod

m1 − m2

)
(10)
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Table 1
Independent variables used in response surface methodology RSM at a fixed steam
pressure value in the cases of dried Lavandin at 11 g H2O/100 g dry matter.

Coded level −˛ −1 0 1 +˛

X1 = C Number of cycles 1 2 5 8 9

T
T
d

C. Besombes et al. / J. Chrom

The absolute expansion ratio can be quantified by determining
he ratio between the intrinsic and the specific densities.

abs = �int

�spec
(11)

The treatment texturing effect could be interpreted much bet-
er by using the relative expansion i.e. the ratio of the absolute
xpansions of the DIC treated residue and the raw material.

rel = (εabs)DIC
(εabs)RM

= (�int/�spec)DIC
(�int/�spec)RM

(12)

The analyses of absolute and relative expansion ratios were
eplicated according to the experimental design (between 3 and
times).

Micro-structural observations were made using an environmen-
al type JEOL 5410LV FEI Quanta 200F, Philips (Croissy-sur-Seine,
rance) Scanning Electronic Microscope (SEM) at the Common
enter of Analyses (CCA) of the University of La Rochelle. The sam-
les were placed on a covered stud using carbon adhesive; the
bservations were developed in a partial vacuum (7 Pa) with an
cceleration tension of 20 kV.

The initial untreated raw material samples, as well as various
olid DIC treated samples were analyzed through a SPME system
model CombiPal, CTC Analytics AG, Zwingen, Switzerland) con-
ected with a GC–MS system (GC model 3800 and MS model Saturn
000, Cie Varian, Les Ulis, France).

In this study, a 50 �m × 30 �m PDMS/DVB/CAR fiber was used.
he fiber was conditioned prior to use according to supplier’s pre-
criptions. Before sampling each fiber was reconditioned for 5 min
n the GC injector port at 250 ◦C to eliminate the possible remains on
he coated fiber. The SPME parameters including the sample mass,
he extraction temperature, the extraction time, and the desorption
ime were optimized. The final conditions were respectively: 0.1 g,
0 ◦C, 20 min et 10 min.

During the extraction, an agitation was applied at 250 rpm, for
s and 4 s rest. The fixed quantity of sample was placed in a 10 ml
ial, which was tightly capped with a PTFE-face silicone septum
Supelco, Bellefonte, PA, USA) and placed into the sample tray of the
ombiPaL (Varian, Les Ulis, France). Once the analysis was achieved,
he fiber was automatically cleaned by heating according to sup-
lier’s instructions.

GC analysis conditions were optimized, with helium used as car-
ier gas, at a constant rate of 1 ml/min. The column temperature
as 60 ◦C for 3 min; it slowly increased (2 ◦C/min) up to 155 ◦C,

nd this end temperature was maintained for 3 min. The detec-
ion, manifold, and transfer temperatures were 200, 50 and 250 ◦C
espectively.

.5. Statistical and experimental design protocol

After having chosen the main operating parameters and
xplained their relevant variation range, through the preliminary
ests and fundamental approach, special experimental studies were

erformed.

In order to achieve such relevant experimental studies, the RSM
ethod with a five-level central composite rotatable experimen-

al design method was adopted. In the present study, the saturated
team pressure used kept constant at 0.6 ± 0.02 MPa and the two

able 2
he 12 DIC extraction trials carried out with the response surface methodology RSM at a fi
ry matter.

1 2 3 4 5

Number of cycles 5 2 1 5 2
Time of treatment (s) 240 445 360 480 275
EE (%) 86.18 44.49 −5.55 72.04 −9.81
X2 = T Treatment time (s) 240 275 360 445 480

˛ (axial distance) = 4√2N , N is the number of independent variables. In the present
case: N = 2 and ˛ = 1.4142.

DIC operating parameters we studied were ranged as: (1) from
240 ± 5 to 480 ± 5 s for the total thermal treatment time t, and
(2) from 1 to 9 cycles for the number of cycles C (Table 1). Mois-
ture content just before DIC treatment was maintained constant
(11 ± 0.3 g H2O/100 g dry matter).

The trials were run at random to minimize the effects of
unexpected variability of responses due to unrelated factors. DIC
treatment experiments were then carried out using the operating
conditions described in Table 2.

The statistical treatment of results was executed using the anal-
ysis design procedure of Statgraphics Plus software for Windows
(1994, version 4.1, Levallois-Perret, France). Variance (ANOVA) was
performed to determine significant differences between indepen-
dent variables (P ≤ 0.05) and Pareto charts were introduced as well
as general trends, response surface, empirical model coefficients,
and R2 were determined. The dependent variables had concerned
process performances (in terms of efficiency) as well as the final
extracted attributes: the response was expressed with a second-
order polynomial model of independent variables:

Y = ˇo +
n∑

i=1

ˇixi +
n∑

i=1

ˇiix
2
i +

n∑
i=1

ˇijxixj + ε (13)

where Y was the response, ˇo, ˇi, ˇii and ˇij were the regression
coefficients, xi were the independent variables, ε was random error,
i and j were the indices of the factors. Response surface methodol-
ogy could be used to optimize the operating parameters by coupling
various studied responses [47].

4. Results and discussion

4.1. Comparative extraction yields of steam extraction and DIC

Steam extraction was carried out with 2 l of water in the ket-
tle thus generating saturated steam and 1 l in the extractor; an
amount of 450 ml hexane was used to effectively trap essential
oils. A quantity of 24 g of lavandin was positioned on a tray in the
kettle just above the water level. Once the first condensed drops
reached the condenser, 2 h extraction time started. Distillation of
hexane–essential oil mixture was achieved in order to completely
remove hexane and the essential oils thus obtained had a yield of
2.3 g EO/100 g dry matter.

Operation of DIC extraction led to the condensation of a

water–essential oil emulsion in the vacuum tank whose wall was
cooled with a cold water flow within the double jacket. With the
goal to quantify the yields, the emulsion was added to a similar
amount of diethyl ether, which could trap the only essential oil
molecules leading the water to be completely separated from the

xed steam pressure value (0.6 MPa) in the cases of dried Lavandin at 11 g H2O/100 g

6 7 8 9 10 11 12

8 9 8 5 5 5 5
445 360 275 360 360 360 360

50.60 76.89 65.07 70.70 69.89 57.58 56.32
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mulsion. Then the diethyl ether was evaporated from its essen-
ial oil mixture; final extracted had a yield of 4.37 g EO/100 g dry

atter.
These both values of steam distillation and DIC yields were

ub-estimated, the first would be due to the condenser problems
hereas the second would concern some amount of essential oils

inked on the vacuum tank wall or within the vacuum pump (light
ompounds). However, these values were able to prove the ability
f DIC to extract very quickly much higher yields of lavandin essen-
ial oils. In a shadow work, we proved that energy needed with DIC
as much lower as well as the amount of water used.

.2. Microstructure of residual treated plant

The SEM images of lavandin before and after DIC treatment
evealed considerable structural differences. Before DIC treatment,
lant had a compact and relatively homogeneous internal struc-
ure (Fig. 5). As expected, the DIC treatment radically changed the
ltra-structure of lavandin, which had texture made up of cavi-
ies with different sizes, as shown in Fig. 6. These modifications
ere much lower than those obtained for swell-dried fruits and

egetables [50,51].
The different ultra-structures of lavandin, observed before and

fter DIC treatment, correlated with their specific densities. They
ould intervene much more in terms of technological behavior

higher ability of extraction and, possibly, higher availability of
ssential oil molecules).

Another specific situation of lavandin had concerned the tector
air in their alternation with the grandular trichomes (Fig. 5), which
ompletely disappeared after DIC treatment (Fig. 6).

.3. Densities

To compare the densities, lavandin samples were systemati-
ally dried till 4.5% for raw material and 3 g EO/100 g dry matter
or DIC treated samples. Whatever the product types (raw mate-
ial or DIC treated samples), the intrinsic density �int was constant
t 1220 ± 10 kg m−3. However, the specific density of raw material
as �spec = 381 ± 6 kg m−3 and the DIC treated samples (at constant

aturated steam pressure of 0.6 MPa, with 2 cycles of 2 min of ther-
al treatment time for each) had �spec = 369 ± 8 kg m−3, as shown

n Table 3. DIC extraction implied a slight expansion effect with
07% as a relative expansion rate εrel. As the intrinsic density had
he same value for both raw material and DIC treated samples, it
ould be established that εabs = εrel:

rel = (�spec)RM
(�spec)DIC

= (�int)DIC
(�spec)DIC

= εabs (14)

.4. Relative impacts of evaporation and autovaporization

Some works already had defined the DIC extraction of water
drying) or essential oil as autovaporization process [50,51]. No one
ad quantified the relative impacts of this phenomenon with the
vaporation. However, DIC acted at high saturated steam pressure

between 0.2 and 0.6 MPa), which means at temperature higher
han normal steam distillation, and although we did not obtain
rom bibliography thermodynamic data of lavandin essential oil
ompounds, it was obvious that, for any compounds, the higher
he temperature, the higher the partially pressure. In this part of

able 3
pecific and intrinsic densities of Lavandin before and after DIC treatment at 0.6 MPa as s

Water content dry basis W

Raw material 4.5 g H2O/100 g dry matter
DIC treated sample 3 g H2O/100 g dry matter
Fig. 5. Lavandin raw material, general view (100×) and details (800×).

our work, we aimed at comparing these two phenomena by using
the experimental design of Table 2 [47] adopted with the total ther-
mal treatment time and the number of cycles as the independent
variables and the extraction efficiency EE as the response parameter
(dependent variable). Pareto chart could be then introduced to pro-
vide facts needed for setting importance and priorities. It organized
and displayed information to show the relative weight of various
independent variables (here operative parameters) in terms of the
dependent variable EE.

In the present case, effects of number of cycles C and the total
thermal treatment t for EE are illustrated by the Standardized

Pareto chart of Fig. 7. It can be inferred that the factor C and C2 (num-
ber of cycles), had a significant effect on the extraction process. Here
also, it could be inferred that the number of cycles (revealing the
pressure drop impact) was the only factor to have a profound effect

team pressure, 4 min as total thermal treatment time and 2 cycles.

Intrinsic density �int (kg m−3) Specific density �spec (kg m−3)

1230 ± 16 381 ± 6
1210 ± 6 369 ± 8
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Fig. 6. Lavandin DIC treated samples, general view (100×) and details (800×).

Fig. 7. Standardized Pareto chart.
Fig. 8. The response surfaces to represent the total effect of operative parameters.

on the global essential oil extraction. Although the number of cycles
C appeared to be the main operative parameter, we note that longer
t can reduce the impact of C.

The response surfaces allowed us to represent the total effect
of operative parameters. RSM optimization was used to show the
impact of the operative factors in terms of extraction efficiency EE
(Fig. 8). Thus, it was possible to identify the highest and the quickest
DIC extraction process through the operation efficiency. Here, it
was clear that the number of cycles (revealing the impact of the

pressure drops) was the only factor to have a profound effect.

The mathematical relationship obtained with the statistical
package Statgraphics was a polynomial equation representing the
quantitative effect of process variables and their interactions on the
measured response EE. The values of the coefficients of C and t were

Table 4
Sheet of flow and energy consumption of DIC treatment (with 0.6 MPa as steam
pressure, 6 cycles for 4 min as total thermal treatment time) used at industrial scale
for extracting essential oils from lavandin.

Mass of raw material RM 30 kg
Volume of the processing vessel 0.095 m3

Apparent density of RM 381 kg m−3

Volume ratio in processing vessel 84%
Volume of processed material 0.080 m3

Intrinsic (true) density of RM 1220 kg m−3

Volume of steam in the processing vessel 0.070 m3

Latent heat of water vaporization 2450 kJ kg−1

Treatment temperature 432 K
Saturated steam pressure 0.6 MPa
Mass of steam in the processing vessel 0,21 kg
Specific heat of Raw Material 1.5 kJ kg−1 K−1

Heat of steam used for heating the product 7262 kJ
Heat of steam used per cycle 516 kJ
Total heat per cycle 7778 kJ
Number of cycles 6
Total heat for the DIC extraction 13 kWh
Total heat for the DIC extraction per kg of RM 0.43 kWh/kg RM
Heat yield 66%
Heat needed/t 646 kWh/t RM
Water needed per tonne RM 42 kg
Rate of used water 66%
Water used per tonne 63 kg water/t RM
Electricity power (vacuum pump and

compressor)
7.5 kW

Extraction time 240 s
Hourly treatment capacity 456 kg/h
Total energy consumption per tonne of raw

material
662 kWh/t RM

Essential oil yields 4.4 g EO/100 g dry matter
Hourly essential oil capacity 20 kg EO/h
Total energy consumption/kg of lavandin

essential oils
15 kWh/kg EO
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elated to the effect of these variables on the response EE. A posi-
ive value represented an effect that favors the operation, while a
egative value indicated an antagonistic effect. This mathematical
elationship is listed below:

E = −119.005 + 56.9438C + 0.0615197t − 2.37428C2

− 0.067103Ct + 0.000431365t2

ith R2 = 85.29%.
The optimized operative conditions with the goal to maximize

he extraction efficiency EE was calculated as an optimum value of
6.22%, for 240 s as a total thermal treatment time t, and 6.4 as a
heoretical value of the number of cycles C.

These t and C optimized values were substituted and used in
xperimental trials carried out at 0.6 MPa as saturated steam pres-
ure P, total thermal treatment time t = 240 s, and C = 6 cycles, which
eans 40 s of thermal treatment time for each cycle. The predicted

alue and the observed values were found to be in good agreement.
n a shadow work (Table 4), we could calculate the energy con-
umption to be 0.110 kWh/kg and per cycle; it was to say a total of
62 kWh/t of raw material. The used water was about 42 kg water/t
f raw material.

. Conclusion

The present research work confirmed the high relevance of DIC
reatment as extraction process. At both fundamental and experi-

ental points of view, this study allowed the DIC extraction process
o be defined as a mainly autovaporization phenomenon; the con-
ribution of evaporation to the extraction of essential oils was
stablished to be very weak even negligible in the usual DIC pro-
esses.

In the case of lavandin Grosso, the DIC was defined and opti-
ized as a quick and effective process of essential oil extraction.

ompared with steam distillation, it was to note the lower energy
onsumption and water consumption (662 kWh and 42 kg water/t
f raw material), with yields twice higher (4.37 as against
.3 g EO/100 g dry matter). This would be correlated to an expansion
ffects which was noted through SEM analysis as well as density
easurements.
Finally, it was not possible to collect thermodynamic data

rom bibliography concerning various compounds intervening in
avandin essential oils. In next works, it would be important to
bserve more precisely and separately the behavior of the main
xtracted molecules regarding the DIC operative conditions; vari-
us behaviors would then allow us to define a double fractioning
hrough DIC extraction: during the autovaporization as well as by
ondensation.

omenclature

pp specific heat at constant pressure of the product
(J kg−1 K−1)

effe effective diffusivity of the essential oils within the porous
solid (m2 s−1)
permeability of the essential oil and water vapor mixture
within the porous solid (m2)

e latent heat of vaporization of essential oils (J kg−1)
m mean of the specific latent heat of vaporization of the

mixture of essential oils and water (J kg−1)

M〉 mean molar mass of the vapor and essential oil mixture

1 mass of a volume V of the cracking powder (kg)
2 a complementary mass of the powder (kg), poured on the

product to reach the same volume V
e molar mass of the essential oils (kg mol−1)

[
[
[
[
[

. A 1217 (2010) 6807–6815

mm mass of the vapor mixture of the essential oils and water
during a DIC cycle (kg)

mp mass of the product (kg),
mprod mass of the dried lavandin (kg)
p total pressure, which is pglobule the pressure of vapor mix-

ture of water and essential oils in the “core of the solid”
varying from Po at t = zero towards Pext, at t → ∞ (Pa)

pe partial pressure of the essential oils in the material (Pa)
R ideal gas constant (J mol−1 K−1)
Ro hole radius in the porous solid (m)
Rs external radius of porous solid (m)
T temperature (K)
t time (s)
Tf final temperature of the product (◦C)
Ti initial temperature of the product (◦C)
�Ve absolute velocity of essential oils within the porous solid

(m s−1)
�Vm absolute velocity of the vapor mixture of essential oils and

water within the porous solid (m s−1)
εabs absolute expansion rate (%)
εrel relative expansion rate (%)
� global conductivity of the porous wet material (J m−1 K−1)
vm kinematic viscosity of the mixture of essential oils and

water vapor (m2 s−1)
�m apparent density of the vapor mixture of essential oils and

water (kg m−3)
�o density of the cracking powder (kg m−3)
�int intrinsic (or true) density of dried lavandin (kg m−3)
�spec specific (or apparent) density of dried lavandin (kg m−3)
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