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Abstract: Pressurized hot water extraction (PHWE) and hydtdidition were compared for the extraction of
essential oil from Lavandulangusifolia. Using GC-FID analysis in conjunction with centtaimposite design,
the maximum extraction yield was obtained for terapge of 162.76C, pressure of 29.84 (bar), static time of
10.45 (min), dynamic time of 18.12 (min), and floate of 0.69 (mL/min). The PHWE is a practical teicjue
for separation of constituents such as 1,8-Cinénld5%), linalool (38.16%), linalyl acetate (17.0R%nd
camphor (8.23%) from Lavandulangusifolia to be applied in the food, fragrance, aromatheragyd
pharmaceutical industries. The PHWE method is qui¢R8.57 min versus 3 h) and more extraction yéldé
versus 1.03) than hydrodistillation.

Keywords: Optimization; supercritical process Lavandalagusifolia flowers;PHWE; Essential oil; Central
composite design.

1. Introduction

Essential oils are currently being extracted froatural products either by hydrodistillation or st
extraction. Losses of some volatile compounds, lexraction efficiency, degradation of unsaturated
compounds through thermal or hydrolytic effects &mdc solvent residue in the extract may be enteredl
using these extraction methods. These shortcontiage led to the consideration of the use of sujtieadr
fluids in essential oil extraction process. Carbl@xide is the most commonly used supercriticabfloecause

of its modest critical conditidii. The green house effect caused by the emissicarbbn dioxide, the cost of
the fluid with the required purity and speciallg itow dielectric constant (thus giving rise to an#umlar
character that hinders or makes difficult the ecttcen of polar compounds) make mandatory the s@aydior
new solvents Above the critical temperature (373°@$ and critical pressure (224.8 bar) water is ia th
supercritical state and is an excellent solventatlbkinds of organic compounds. All gases are ihlecwith
supercritical water and to some extent even woaodbeadissolved. Unfortunately, supercritical waiesvides

a very reactive environment, where oxidation, hiydis and decomposition of compounds can take pldice
many cases the quantitative extraction of orgasimpounds (even non-polar) with water can be made at
temperatures lower than the critical temperaturkistthen called ‘subcritical water extractidot ‘Pressurized
hot water extraction (PHWE)’ Usually, extraction temperatures lower than°206an be used for more polar
and less stable compounds and in this way a véegtsee class extraction of organic compounds atiogrto
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their polarity are possible by simply adjusting teeperature The physical advantages such as high diffusion,
low viscosity and low surface tension are achiesédlevated temperature condition. The increasgarva
pressures and rapid thermal desorption of targetpoonds from matrices could enhance the extraction
efficiency of PHWE. The high temperatures have also changed the piespef water and thus making the
polarity of water closer to those of non-polar compds®. This will enhance the solubility of less polar
compounds in water for extraction from differenttrizes-.

The supercritical fluid extractor was modified tongp water and CQalternately into the extraction vessel
Using this modified SFE apparatus, we developedH®&P method as a technique to extraction essenitial o
from Lavandulaangustifolia for separation of major compounds of this plantduding 1,8-Cineole, linalool,
linalyl acetate, and camphor. Lavandat@ustifolia essential oil to be applied in the fragrance itgusoaps,
colognes, perfumes, skin lotion and other cosmgetids aromatherapy (relaxant), in pharmaceutical
preparations for its therapeutic effects as a aagjatpasmolytic, antiviral and antibacterial ageRecently it
has also been employed in food manufacturing asradaflavouring for beverages, ice cream, candygebtak
goods and chewing gum. A few studies were perforinedgard to separation of essential oil from Lrekaa
angustifolia. Essential oil was extracted fromi#talLavandula angustifoffhusing supercritical carbon dioxide
and compared with hydrodistillation and sonictforA new process design and operation for microwave
accelerated steam distillation of essential otsnfiitalian Lavandula angustifolia was developed emaipared
with steam distillatioff. Recently we have extracted essential oil fromdrmlula angustifol®d utilizing
supercritical fluid extraction.

We used PHWE and central composite design (¢QD)obtain the optimum conditions for semi-continsio
extraction. Variables such as temperature, presstatic time, dynamic time, and flow rate weneestigated.
The essential oil obtained by hydrodistillation wased for comparison. To the best of our knowledge,
PHWE method proposed in this study has been usetthéofirst time to extract essential oil from Ladala

angusifolia flower.

2. Materialsand Methods
2.1 Materials

Lavandulaangusifolia flowers samplesvere obtained from Isfahan Agricultural Researcmt&e Stock
standard solution of 3400g/mL of n-nonane (74250, analytical standard, FlukaHPLC grade hexane
(650552, CHROMASOLV® Plus, for HPLEG95%, Sigma-Aldrich) was prepared. Sodium chlo(#&653,
BioXtra, >99.5%, Sigma-Aldrich) and sodium sulphate (2393GS reagent>99.0%, anhydrous, granular,
Sigma-Aldrich) were used as demulsifier and dryiggra, respectively. N-hexanol (99.6%, Merck) was
utilized as the internal standard for the GC-FIDbcation analysis. Pure 1,8-Cineole (4708289%, Aldrich),
linalool (51782,>99%, Fluka), linalyl acetate (4598895%, Fluka), and camphor (148075, 96%, Aldrich)
were used as the standards as the four importanpaments of the Lavandulangusifolia essential oil.
Industrial grade carbon dioxide99%, Zamzam) was used as the supercritical fluid.

2.2 Preparation of Lavandula angusifolia flower

The Lavandulangusifolia flower was dried at 48C for a period of 3 hr prior to extraction. In thed of the
normal drying process of Lavandula angusifoliavilater residue was around 10.2%. Following theagexitvn
procedures flowers were finely grinded using labmgaequipment$. Since extraction kinetics in this study
was controlled by the kernel particle size, an irgot sieving step was carried out to achieve myxible
extraction yield in which the samples were paskealugh a sieve with mesh sizes between 20 anda&tdle
diameters ranging over 0.60-0.85 mm). The driedpsesnvere kept within sealed bag in the cold aiydothce
until they were used.

2.3. Hydrodistillation

The plant (40 g of dried material) was submittedhydrodistillation for 3 h, using a Clevenger-type
apparatus, according to tkeropean Pharmacopoeia (1975). The volatile distillate was collected over
anhydrous sodium sulphate and refrigerated pri@ntdysis. Essential oil with 1:100 hexane dilusion



Alireza Nematollahi et a//Int.]J. ChemTech Res.2014,6(2),pp 1151-1161. 1153

prior to GC-FID analysis was required in order tompare the chromatograms of the essential oil
obtained by PHWE with that from hydrodistillatidn

2.4. PHWE Procedure

The equipment used for PHWE is very similar to the¢d in SFE. Since GOnust be liquefied by
using cooler circulator device prior to its pumpitigwould be easier to operate with water than..CO
Sample collection is also easier in the PHWE metmdpared to SFE, as the former deals with liquid
solvents at room temperature rather than expandedmgthe latter. However, careful degassing of
water is recommended to reduce the amounts of ldess@xygen, which may otherwise corrode the
lines at the high temperatures, uSetost published works describe a similar setuptifer PHWE
equipment$'®®? |n dynamic-mode extractions, high-pressure pumpst be efficient enough to
pressurize the water and pass it through the san\dgious heating systems such as gas
chromatography (GC) ovens, sand baths, or resisigating blocks have been used to heat and to
maintain the extraction vessel at the desired teatpes®. For the purposes of the present study, the
apparatus was modified using a switching valve plad@wvnstream the pumps to enable alternate
pumping of the liquid solvent and G@to the extraction vessél. The apparatus used for PHWE is
shown in Fig. 1. The prepared Lavandula angusifitier sample (~4g) and glass b&agbroken
Pyrex laboratory glassware) with mesh sizes betv2@eand 30 (particle diameters ranging over 0.60-
0.85 mm) in a ratio of 40-60% (w/w) were loadedaitite 10 mL cylindrical stainless steel cell. Based
on the commonly used PHWE and SFiEethods cotton wool was packed at the exit erttietell to
prevent transfer of solid samples to the tubing elodging of the systeth The PHWE method was
performed dynamically by passing water at differ@srthperatures, pressures, static time, dynamic
time, and flow ratesThe water residue in the cell, tubing, and baclsguee regulator was removed
with lrz)éJrging the PHWE system with G@t the end of each extraction to avoid any lossraemory
effect™.

5 ml of hexane and 0.1 mL of n-nonane stock satutieere added to 5 mL of each extract in a
separating funnel and about 1 gSoidium chloridevas added to facilitate the breaking of the eroulsi
The hexane layer was then separated and driedOaditly of anhydrous sodium sulphate before GC-
FID analysié.

A
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Figure 1. Schematic diagram of PHWE system: (1) ,Qénk; (2) molecular sieve filter; (3) ss 2 um psizee filter (4)
carbon dioxide transfer pump; (5, 8, 13) two-wagdie valves; (6) water tank; (7) high-pressuregpigtump; (9) three
ways valve; (10) preheating coil; (11) extractial;c(12) thermostated oven; (14) back-pressurelleggr; (15) sample
collection vessel.
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2.5. GC-FID analysis

Four compounds were separated and determined wgsiagchromatography (GC). A gas chromatograph
(Agilent Technologies, Model 6890N) was used witklitin (He) as the carrier gas, a HP-5 capillaryicol

(30 m long, 0.25 mm 1.D. and 0.25 um film thickhdaa flame ionization detector (FID). A sample atien
volume of 0.2uL in each analysis and the intermahdard method was used to obtain the highest ljessi
precision for quantitative GC measurements. Thectign port and the detector temperatures weréaad
250°C, respectively. Temperature programming was adeal io separate the extracted components as follows
the initial oven temperature was 8D for 1 min which was then increased to ¥@0at a rate of 8/min where

it was kept for 2 min to be subsequently increase2R0°C at a rate of 28C/min. It was finally kept at 22TC

for 1min before terminating the program. The ameuwft 1,8-Cineole, linalool, linalyl acetate, andngdnor
guantified by calculating the area under the chtographic peaks divided by the area of n-hexan80@2
ppm) as an internal standardy#{&s). In order to obtain the calibration curves, salaplutions with different
concentrations of 1,8-Cineole, linalool, linalyledate, and camphor in hexane were injected intadGiGe~1D
and the area under each peak was calculated, amdgults were precisely obtained. The four lireadibration
curves were fitted using a linear regression liité & >0.98, the results of which are plotted in Fig. Ry,
using the calibration curves, the extraction yiyiwas determined using Eqg. (1).

Y= (total mass of four components in extracted dafmass of dried Lavandula angusifolia flower) x100

(1)

a Z;=0.0061x+1.1233
R?=(0.9795

12 8 Za=0.0054x+0.6773
R*=0.9883
* Z,.=0.0048x+0.6291
R¥=0.9887
4'4: ° Z;=0.0031x+0.5707
<8 R!=0.9879
w
-

0 500 1000 1500 2000
Concentration (mg/L)

Figure 2. Calibration curves of the pure standards of 1,8Gl®, camphor, linalyl acetate, and linalool.

2.6. Experimental design

A statistical experimental design based on “cergoahposite design (CCD)” was planfednd the extraction
yield were measured for different variables sucleagperature, pressure, static time, dynamic tame, flow

rate coded as;xX,, X3, X4, and, % respectively. These variables were investigatdatevels (-2, -1, 0, 1, 2)
and the dependent variables were Y. We used thédWlisoftware package to design and evaluate thase
independent variables at five levels on the resgoascording to the Eq. (3). The ranges for thectsd levels
of the five variables are shown in Table 1. Theeexpental extraction yield for different selectexéls of

variables is shown in Table 2 for 32 runs.

Y =Bo+ Y B Xi+ X By X? + Y By X+ X )

Where, Y = response, = intercept,f; = linear coefficientsf; = squared coefficientg}y = interaction
coefficients, X ij, X;, X« = level of independent variables.

Moreover the theoretically predicted values of ¢iat different experimental conditions are illustdchin Table
2.
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Table 1: Range of values for the central composite halfges

Independent variables Levels

-o -1 0 1 +a
Temperature®C) 100 125 150 175 200
Pressure (bar) 5 15 25 35 45
Static time (mL/min) 0 5 10 15 20
Dynamic time (min) 5 10 15 20 25
Flow rate (mL/min) 0.2 0.4 0.6 0.8 1.0

*o = star point @ CCD =+ 2

Table 2: Yield for the different selected levels of variebl

Run Temperature Pressure Static time Dynamictime Flowrate  Observed Yield Predicted Yield

(°C) (bar) (min) (min) (mL/min) (w/w %) (wiw %)
1 125 15 5 10 0.8 1.104 1.25291
2 175 15 5 10 0.4 2.128 2.22424
3 125 35 5 10 0.4 0.264 0.33024
4 175 35 5 10 0.8 4.264 4.29424
5 125 15 15 10 0.4 0.208 0.38491
6 175 15 15 10 0.8 3.656 3.79691
7 125 35 15 10 0.8 2.128 2.23891
8 175 35 15 10 0.4 2.944 3.00242
9 125 15 5 20 0.4 1.488 1.72824
10 175 15 5 20 0.8 4.928 5.13224
11 125 35 5 20 0.8 3.464 3.63824
12 175 35 5 20 0.4 3.992 4.11358
13 125 15 15 20 0.8 2.944 3.22891
14 175 15 15 20 0.4 4.040 4.27224
15 125 35 15 20 0.4 2.248 2.45024
16 175 35 15 20 0.8 7.008 7.17424
17 100 25 10 15 0.6 0.168 -0.22748
18 200 25 10 15 0.6 4.680 4.46185
19 150 5 10 15 0.6 4.816 4.36052
20 150 45 10 15 0.6 5.824 5.66585
21 150 25 0 15 0.6 4.208 3.97385
22 150 25 20 15 0.6 5.312 4.93252
23 150 25 10 5 0.6 1.792 1.68452
24 150 25 10 25 0.6 5.744 5.23785
25 150 25 10 15 0.2 1.984 1.69385
26 150 25 10 15 1.0 5.080 4.75652
27 150 25 10 15 0.6 5.632 5.95427
28 150 25 10 15 0.6 6.240 5.95427
29 150 25 10 15 0.6 6.072 5.95427
30 150 25 10 15 0.6 5.728 5.95427
31 150 25 10 15 0.6 5.888 5.95427
32 150 25 10 15 0.6 5.552 5.95427

3. Result and Discussion
3.1. PHWE optimum conditions

For maximum % PHWE vyield (7.06 %), temperaturespuee, static time, dynamic time, and flow rateewer
162.76°C, 29.84 bar, 10.45 min, 18.12 min, and 0.69 mL/mgispectively. The optimum condition might
provide the design basis for an industrial-scateagtion process.
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A second-order polynomial equation is proposedtifier prediction of PHWE yield as a function of diffat
variables as follows:

Y =5.91441+ 1.27508 T - 0.56923 P + 0.346920t96408 ¢ +1.01392 -0.95927 T - 0.52936 P- 0.37527 §
-0.62327 { - 0.68227F° )

Where, T is extraction temperature, P is extraghi@ssure qis static time, {is dynamic extraction time, arid
is flow rate. The response surface model which ol#ained from an experimental design was evaluasat)

ANOVA and analysis of residuals. The results of ghatistical analyses including the estimated 1&gjom

coefficients, t-test, and p-values of the extraciield were tabulated in Table 3.

The R adjusted of the extraction yield was 95.37. Thisans that the developed models have been abl#éyto fu
predict the extraction yield. The linear regressioefficients, R for the PHWE yield was also 98.36 which
shows good performance of the model based on theredd and predicted yields.

The value of significance of each coefficient detieed by t-test and p-values are listed in Tabl&H larger
the t-value and the smaller the p-value, the mageifscant is the corresponding coefficient. Basmd the

statistical results (ANOVA) with confidence level 85%, the effect of each term in the models cdugd
significant provided that its p-value be smalleartt0.05 (p-value<0.05). The results of the extoactiield in

Table 3. indicate that the terms in linear formd anquadratic forms have strong influence on tkeaetion

yield, and the interaction terms have no effectnenextraction yield. It is imperative to realirat even though
p-value>0.05 (Table 3) for the linear terms of R due to Hierarchy rule in which the p-value<0.@b the

higher order (quadratic) of this variable, therefdhe effect of linear terms must be consideradérmodel.

Table 3: Regression coefficients, t-test, and significanbhies for the model estimated using Minitab sofeva

Term Extraction Yield

Regression coefficients t-value p-value
Constant 5.91441 26.861 0.000
T (°C) 1.27508 074 0.000
P (bar) -0.56923 -1.523 0.156
ts (min) 0.34692 1.925 0.081
ty (min) 0.96408 5.349 0.000
f (mL/min) 1.01392 5.625 0.000
T*(°Cy -0.95927 -12.307 0.000
P (bary -0.52936 -3.018 0.012
t (min) -0.37527 -4.814 0.001
t” (min)’ -0.62327 -7.996 0.000
f2(mL/min)* -0.68227 -8.753 0.000
T (°C) x P (bar) 0.10275 0.649 0.530
T (°C) x t (min) 0.07050 0.668 0.518
T (°C) x ty(min) 0.03350 0.317 0.757
T (°C) x f (mL/min) 0.08250 0.782 0.451
P (bar) x §(min) 0.10725 0.677 0.512
P (bar) x § (min) 0.07575 0.478 0.642
P (bar) xf (mL/min) 0.24825 1.568 0.145
ty(min) x £ (min) 0.07450 0.706 0.495
f (mL/min) x t (min) 0.02550 0.242 0.814

tg(min) xf (mL/min) 0.06050 0.573 0.578
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3.2. Variables affecting PHWE
3.2.1. Theeffect of extraction temperature

Increasing the temperature of the extraction irsdahe extraction yield as shown in Fig. 3 forek#&action
yield. An extraction temperature of 162.%® was sufficient to give maximum extraction yieltlQ6%). The
increase in yield with temperature is due to inseedn water solvating power at higher temperatfires
Temperature is the main parameter influencing thgsigochemical properties (viscosity, dielectrimsiant,
and surface tension are reduced at higher tempeyattiwater and the compounds to be extractedjtdras a
great influence on the extraction rate, and efficiein PHWE. Enhancement of the extraction efficiemay

be related to the increased vapor pressures arelesated thermal desorption of the compounds frben t
sample matriX. At higher temperature, the strong solute—mafmteraction in the plant materials caused by
van der Waals forces, hydrogen bonding and diptlaciions between solute molecules and active sitethe
matrix were disrupted

200

Estraction Tield (wiw %)

Figure 3. Response surface of the % extraction yield vefsasd P ats= 10.45 min, &= 18.12 min, f = 0.69 mL/min.

3.2.2. Theeffect of extraction pressure

Increasing the extraction pressure from 5 to 28&4increased the extraction yield, while furthearéases up
to 45 bar did not cause any further change as shiowig. 3. By increasing pressure, interactiornwasen
solvent and matrix and the solvent strength issased up to pressure of 29.84*hdn practice, the pressure is
kept high enough to maintain the water in liquidnicat all extraction temperatures. The presenqeredsure
could facilitate extraction from samples where gigal are trapped in the matrix pores. This presiuoes the
water into areas of the matrices which are not adlgncovered if water at atmospheric pressure ésfus

3.2.3. Theeffect of static and dynamic extraction time

In static extraction mode, extraction efficiencgongly depend on the partition-equilibrium constand the
solubility of compounds. This may cause problenspeeially with highly concentrated samples andbov-|
solubility analytes. Using dynamic extraction, @wuilibrium is displaced to completeness as fredhest is
continuously pumped through the sample. Howeverggtablishment of a static extraction step bedgramic
extraction shortened the time required for compétigaction. It was reported that a 10-20 min stetintact
time prior to dynamic operation improved the preigsal fluid extraction recovefy Thus in this study,
samples were held in the static extraction mod#énrange of 0—20 min, followed by a dynamic extoacin

the range of 5-25 min. The results of this studlicated that static extraction longer than 10.46 did not
increase extraction yield due to the disappearahoeass transfer driving force as shown in Figndreasing
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the dynamic extraction time, increased the exiacfield up to 18.12 min. A dynamic extraction tiofel8.12
min was sufficient to give maximum extraction yi€id06%) as shown in Fig. 4.

[y}

Ju

ra

Extraction Yield (wiw %)

[

Figure 4. Response surface of the % extraction yield vetsaisd t at T = 162.76C, P= 29.84 bar, f = 0.69 mL/min.

3.2.4. The effect of flow rate

Increasing the flow rate increased the extractimdy Water might be saturated at lower flow raaes the
extraction yield reduces, as shown in Fig. 5. Atraetion flow rate of 0.69 mL/min was sufficientemgh to
achieve maximum extraction yield, while further re&ses up to 1.0 mL/min resulted in little change o
extraction yield, at result, we found that the result was obtained at 0.69 mL/fin

Eztraction Yield (wihw 00

Figure 5. Response surface of the % extraction yield veisaisd f at T = 162.78C, P= 29.84 barg+ 10.45 min.
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3.3. Comparison of PHWE and hydrodistillation

Pressurized hot water extraction as well as hydtitldtion for the extraction of essential oil franavandula
angusifolia, are compared in terms of time, qualityhe essential oil, efficiency and costs. On¢hef greatest
advantages of the PHWE method is rapidity. An &tima time (static + dynamic time) of 28.57 min yides
comparable yield to those obtained after 3 h ofrbgidtillation. The essential oils of Lavandula asidplia
flowers isolated either by PHWE or hydrodistillatiare rather similar in their composition as shamtable 4.
Moreover the Lavandula angusifolia flowers esséoiiacomposition of this study is slightly diffemefrom to
other research&8™. The ultimate yield of essential oil obtained fraavandula angusifolia flower was 7.064
% by PHWE and 1.03 % by hydrodistillation: this medhe PHWE method is 6.86 times more efficienhtha
hydrodistillation. These results mean a substas&iging of time, energy and plant material by PHWE.

Table 4: Chemical composition of Lavander essential oiPWWE and hydrodistillation

Components
method 1,8-cineole Linalool Linalyl acetate Camphor Waxes
PHWE 7.35% 38.16% 17.02% 8.23% 29.24 %
Hydrodistillation 7.45% 36.17% 18.08% 8.65% 29.65%

4. Conclusion

Lavandula angusifolia flowers samphgere obtained from Isfahan in Iran to be appliedaad, fragrance,
aromatherapy, and pharmaceutical industries. Tlenpdiceutical and food applications have led tonted of
developing better methods of extraction and puwifon with decreasing utilization of toxic orgarsiolvents.
Therefore, in this study, the essential oil wasaeted from Lavandula angusifolia via pressurizet viater.
To achieve maximum extraction yield (7.06 %), tlo@ditions of temperature, pressure, static timeadyic
time, and flow rate were adjusted 162°7% 29.84 bar, 10.45 min, 18.12 min, and 0.69 mL/méspectively.
Furthermore, the central composite design technwa® used to optimize the operating condition Ve
The proposed method consisting on semi-continugtragion with pressurized hot water extractiowjuscker
than hydrodistillation, provides the quality of tessential oil are rather similar to hydrodistidatand allows
substantial savings of both energy and investmest. dts high precision makes it a good alternatorethe
extraction of essential oils from aromatic plants.

Notation
Y Extraction yield
ci 1,8-cineole
ca Camphor
I Linalool
la Linalyl acetate
T (°C) Temperature
P (bar) Pressure
ts (Min) Static extraction time
ty (Min) Dynamic extraction time
f (mL/min) Flow rate
A JA s Peak areas for the sample/ Peak areas for theahttandard
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