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ABSTRACT: The deterpenation of bergamot essential oil can be performed by liquid�liquid extraction using hydrous ethanol as the
solvent. A ternary mixture composed of 1-methyl-4-prop-1-en-2-yl-cyclohexene (limonene), 3,7-dimethylocta-1,6-dien-3-yl-acetate
(linalyl acetate), and 3,7-dimethylocta-1,6-dien-3-ol (linalool), three major compounds commonly found in bergamot oil, was used to
simulate this essential oil. Liquid�liquid equilibrium data were experimentally determined for systems containing essential oil
compounds, ethanol, and water at 298.2 K and are reported in this paper. The experimental data were correlated using the NRTL and
UNIQUACmodels, and themean deviations between calculated and experimental data were lower than 0.0062 in all systems, indicating
the good descriptive quality of the molecular models. To verify the effect of the water mass fraction in the solvent and the linalool mass
fraction in the terpene phase on the distribution coefficients of the essential oil compounds, nonlinear regression analyses were
performed, obtaining mathematical models with correlation coefficient values higher than 0.99. The results show that as the water
content in the solvent phase increased, the k value decreased, regardless of the type of compound studied. Conversely, as the linalool
content increased, the distribution coefficients of hydrocarbon terpene and ester also increased. However, the linalool distribution
coefficient values were negatively affected when the terpene alcohol content increased in the terpene phase.

’ INTRODUCTION

Recently, essential oils have become important in the global
economy not only for their medicinal properties but also due to
their wide use in the chemical and food industries.1 According to
the United Nations Commodity Trade Statistics Database (UN
Comtrade Web site),2 the total world exports value of essential
oils in 2009 was approximately US$ 1,989 billion, and the five
largest exporters were the United States (23.00%), France
(11.20%), the United Kingdom (10.50%), Germany (9.10%),
and Switzerland (6.20%). Regarding imports, the total amount
was US$ 2,138 billion and the largest importers were the United
States (19.00%), India (13.00%), France (12.00%), Argentina
(6.60%), Brazil (5.90%), and the United Kingdom (6.60%).2

Essential oils are complex mixtures composed of more than 100
compounds, including highly volatile components that represent
more than 90% of the oil; these compounds include terpenes,
sesquiterpenes, and oxygenated compounds, which are mainly
responsible for the aroma in the essential oil. The mixtures also
contain nonvolatile compounds, such as pigments and waxes.3

Bergamot (Citrus bergamia Risso) is a typical fruit in South Italy,
and its essential oil is obtained by pressing the fruit peel.4 Franceschi
et al.5 reported the composition of bergamot essential oil, of which
themain components are limonene (38.2%), linalyl acetate (34.7%),
linalool (15.3%), γ-terpinene (4.1%), and β-pinene (3.1%).
Although this oil naturally contains a large number of oxyge-

nated compounds in its composition compared to other essential
oils, terpenic hydrocarbon removal is still necessary. This re-
moval process, known as deterpenation, increases the oxidative
stability of the oil because the terpenic hydrocarbons decompose
when heated or exposed to air, resulting in products with lower
sensorial quality.6

Several methods for essential oils deterpenation, such as super-
critical fluid extraction,7,8 membrane processing,9,10 supercritical
adsorption/desorption,11,12 vacuum and steam-distillations,13,14

enzymatic conversion,15,16 selective inclusion,6 and solvent (or
liquid�liquid) extraction17�19 have been proposed.

The liquid�liquid extraction (LLE) method is based on the
difference in solubility between terpenes and oxygenated com-
pounds in a given solvent. Compared to other methods, this
process presents advantages such as lower water and energy
consumption and lower cost because it is performed under mild
temperature and pressure conditions.20

Ionic liquids,17,21 glycols,22�24 water,25,26 aminoethanol,27 acet-
onitrile, nitromethane and dimethylformamide,28 and short chain
alcohols such as methanol,19,29,30 ethanol,1,18,26,31�34 propanol,
and butanol35 have been reported as potential solvents in the liquid
extraction processes.

Among the mentioned solvents, ethanol is highlighted because
alcoholic extracts have vast industrial applications. Alcoholic ex-
tracts are highly soluble in water solutions andmay be easily diluted
in beverages and perfumes. The components of essential oils have
their aromatic and stability characteristics enhanced as alcoholic
solutions, as oxidizing reactions are reduced with ethanol.31

In this work, liquid�liquid equilibrium data for systems
containing limonene, linalyl acetate, linalool, ethanol, and water
are reported. Experimental data were collected at (298.2 ( 0.1)
K, and the alcoholic solvents contained high levels of water mass
fraction, which reached up to 0.42. The experimental data
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presented in this work were correlated using the NRTL36 and
UNIQUAC37 thermodynamic equations with an estimation of
binary interaction parameters.

In addition, complete second-order models were adjusted to
the experimental data in an effort to better understand the effect
of process variables (water mass fraction in the solvent, and the
linalool mass fraction in the terpene phase) on the distribution
coefficients of the essential oil compounds.

’EXPERIMENTAL SECTION

Materials. In this work, aqueous solvents with water mass
fractions of 0.2849, 0.3085, 0.3357, and 0.4215 were used; the
solvents were prepared by diluting absolute ethanol (Merck),
with a mass fraction purity higher than 0.998, into deionized
water (Millipore, Milli-Q, Bedford, MA, U.S.A.).
All essential oil reagents used in this study, 1-methyl-4-prop-1-en-

2-yl-cyclohexene (limonene, Sigma-Aldrich), 3,7-dimethylocta-1,6-
dien-3-ol (linalool, Sigma-Aldrich), and 3,7-dimethylocta-1,6-dien-
3-yl-acetate (linalyl acetate, Sigma-Aldrich), were analyzed by gas
chromatographyGC-FID (Shimadzu, model GC 2010 AF) with an
automatic injector (Shimadzu, model AOC 20i) to determine the
experimental purities and retention times of the compounds
according to the following experimental conditions: DB-FFAP
capillary (nitroterephthalic acid-modified polyethylene glycol) col-
umn (Agilent) 0.25 μm, 30 m� 0.25 mm i.d.; helium as the carrier
gas at the rate of 1.13mL 3min

�1; injection temperature of 553.2 K;
column temperature of (373.2 to 443.2) K (rate of 4 K 3min

�1);
detection temperature of 553.2 K; injection volume of 1.0 μL.
Details concerning the CAS registry number and experimental

purity for each essential oil compound can be found in Table 1.
The following notations were given to the components

utilized in the experiments: limonene (1), linalyl acetate (2),
linalool (3), ethanol (4), and water (5).
Apparatus and Procedures. The study of phase equilibrium

was carried out according to the methodology described by
Rodrigues et al.38 The stock solutions were prepared containing
limonene and linalyl acetate at a mass ratio of 1.10:1. This mass
ratio between the terpene and ester compounds was adopted on
the basis of the experimental composition of bergamot oil
published by Franceschi et al.5

The model systems were prepared by diluting known quan-
tities of linalool into the stock solution. These model systems
were mixed with the ethanolic solvents at a 1:1 mass ratio at
(298.2 ( 0.1) K to determine liquid�liquid equilibrium data,
which were used to adjust NRTL and UNIQUAC parameters.
The components wereweighed on an analytical balance (Adam,

model PW 254, Milton Keynes, U.K.), with a readability and
accuracy of 0.0001 g, directly into 15mL polypropylene centrifuge
tubes (Corning Inc.). The tubes were vigorously stirred at

2800 rpm for at least 10 min at room temperature (quite close
to 298 K), centrifuged for 20min at 5000 g at (298.2( 1.5) K in a
centrifuge equipped with a temperature controller (Thermo
Electron Corp., model CR3i) and then placed in a thermostatic
bath at (298.2 ( 0.1) K for 20 h (Marconi, model MA-184).
After this treatment, the two phases were clearly separated

with a well-defined interface.
Samples from both top (terpene rich phase) and bottom (solvent

rich phase) phases were collected separately using syringes, and the
compositions of both phases were measured. The contents of the
essential oil compounds (limonene, linalyl acetate, and linalool) and
ethanol were determined by gas chromatography GC-FID
(Shimadzu, model GC 2010 AF) with an automatic injector
(Shimadzu,modelAOC20i) using the same experimental conditions
previously described.The componentswere identifiedby comparison
against the retention times of pure compounds, and quantification
was performed using the external standard method. Water content
was determined by Karl Fischer titration (Metrohm, 787 KF Titrino,
Switzerland) using Karl Fischer reagent purchased from Merck.
In this work, all measurements were performed at least in

triplicate. Type A standard uncertainties39 of the equilibrium data,
in mass fraction, ranged from (0.0001 to 0.0241) for limonene,
(0.0001 to 0.0199) for linalyl acetate, (0.0001 to 0.0076) for
linalool, (0.0001 to 0.0132) for ethanol and, (0.0001 to 0.0175) for
water. In the aforementioned data set, the lowest values were
obtained from the lowest mass fractions.
To evaluate the validity of results, the procedure developed by

Marcilla et al.40 was employed. According to this approach, i
independent component balances can be written as follows, with
i representing each component of the system:

MOC
3w

OC
i ¼ MTP

3w
TP
i þMSP

3w
SP
i ð1Þ

where MOC represents the amount of the initial mixture; MTP

andMSP represent the amounts of the terpene phase (top phase)
and solvent phase (bottom phase), respectively; wi

OC represents
the mass fraction of component i in the initial mixture; and wi

TP

and wi
SP represent the mass fractions of component i in the

terpene and solvent phases, respectively.
With these i equations, it is possible to calculate the values ofMTP

andMSP from the experimental valueswi
TP andwi

SP by a least-squares
fitting. If M represents the matrix composed of wi

OC values, B
represents the transformation matrix (composed of wi

TP and wi
SP

values) andP represents thematrix composedof the amounts of each
phase (MTP andMSP), then the previous system can be written as

M ¼ B 3P ð2Þ
Mathematic calculations lead to the following expression

(eq 3),

P ¼ ðBTBÞ�1BTM ð3Þ

Table 1. Molar Masses, CAS Registry Numbers, Experimental Purities,a and Structural Parameters, ri and qi

compound Mb/g 3mol
�1 CAS registry no. purity c ri

d qi
e

1-methyl-4-prop-1-en-2-yl-cyclohexene (1) 136.23 5989-27-5 0.9995 0.0461 0.0382

3,7-dimethylocta-1,6-dien-3-yl-acetate (2) 196.29 115-95-7 0.9888 0.0428 0.0367

3,7-dimethylocta-1,6-dien-3-ol (3) 154.24 78-70-6 0.9977 0.0487 0.0433

Ethanol (4) 46.07 64-17-5 0.9981 0.0559 0.0562

Water (5) 18.02 7732-18-5 0.0511 0.0777
a Supplied by the author. bMolar mass. c Experimentally determined by gas chromatography, given as mass fractions. dVolume structural parameter,
calculated according to eq 6. eArea structural parameter, calculated according to eq 6.
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where BT represents the transpose matrix of B and (BTB)�1

represents the inverse matrix of (BTB). Therefore, the values of
MTP and MSP (matrix P), which minimize the errors of the
previous system, have been calculated.
Deviations (δ) between the sum (MTPþMSP) andMOC (the

amount of the initial mixture) can be calculated according to eq 4.

δ ¼ ðjðMTP þMSPÞ �MOCj=MOCÞ � 100 ð4Þ
The relative deviation of themass balance for each compound i

(δi) can be calculated according to eq 5 in each equilibrium
experiment.

δi ¼ ðjðMTPwTP
i þMSPwSP

i Þ �MOCwOC
i j=MOCwOC

i Þ
� 100 ð5Þ

The relative deviation (δ) of the results was lower than 0.7%,
indicating a high precision and repeatability of the equilibrium
data.20,41

Thermodynamic Modeling Procedure. The determined
experimental data were used to adjust theNRTL andUNIQUAC
binary interaction parameters. Mole fractions have traditionally
been used in these models, but mass fractions provide a more
convenient composition unit due to the difference in the molar
masses of the components such as terpenes, ethanol, and water
(see Table 1). Recently, several studies have reported using this
approach with the NRTL and UNIQUAC models.38,41�46

Rodrigues et al.47 show the activity coefficient equations,
expressed in mass fractions, according to the NRTL and UN-
IQUAC models.
The ri and qi values, the volume and area parameters, properly

converted to be used in the UNIQUACmodel expressed in mass
fractions, were calculated via eq 6, where vk

(i) represents the
number of groups k in the molecule of component i, Mi

represents the molar mass of compound i, G represents the total
number of groups, and Rk and Qk represent the van der Waals
parameters obtained from Magnussen et al.48

ri ¼ 1
Mi
∑
G

k
vðiÞk Rk qi ¼ 1

Mi
∑
G

k
vðiÞk Qk ð6Þ

Therefore, in the present study, there are three adjustable
parameters for each pair of components for theNRTLmodel and
two adjustable parameters for the UNIQUAC model.
The estimation of the interaction parameters was based on the

minimization of the objective function of composition (eq 7)
according to the algorithm developed in FORTRAN language by
Stragevitch and d’Avila.49

OFðwÞ ¼ ∑
D

m¼1
∑
N

n¼1
∑

K � 1

i¼ 1

wTP, exptl
i, n,m � wTP, calcd

i, n,m
σwTP

i, n,m

0
@

1
A

2
2
64

þ wSP, exptl
i, n,m � wSP, calcd

i, n,m
σwSP

i, n,m

0
@

1
A

23
5 ð7Þ

where D represents the total number of data groups, N
represents the total number of tie lines, and K represents the total
number of components in the group of data m. w represents the
mass fraction; the subscripts i, n, and m represent the component,
tie line, and group number, respectively, and the superscripts
TP and SP represent terpene and solvent phases, respectively.
exptl and calcd refer to experimental and calculated compositions.

σwi,n,m
TP and σwi,n,m

SP represent the standard deviations observed in the
compositions of the two liquid phases.
The deviations between experimental and calculated compo-

sitions in both phases were calculated according to eq 8.

Δw ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
N

n¼1
∑
K

i¼ 1
½ðwTP, exptl

i, n � wTP, calcd
i, n Þ2 þ ðwSP, exptl

i, n � wSP, calcd
i, n Þ2�

2NK

vuuut
ð8Þ

Statistical Analysis. Statistical analysis was used to investigate
the effect of certain process variables (water mass fraction in the
solvent, w5S, and the linalool mass fraction in the terpene phase,
w3
TP) on the distribution coefficients of the essential oil com-

pounds (ki, calculated according to eq 9) during an equilibrium
stage of the liquid�liquid extraction deterpenation process.

ki ¼ wSP
i

wTP
i

ð9Þ

wherew represents themass fraction, and the superscripts SP and
TP represent the solvent and terpene phases, respectively.
Complete second-order models, which are represented by

eq 10, were adjusted to the experimental data using the nonlinear
(NLIN) procedure of Statistical Analysis Software (SAS, version
9.2), considering the coefficient of correlation (R), analysis of
variance, F test, and physical interpretation of the parameters.
The following three treatments were considered: water mass
fraction in the solvent (linear and quadratic), linalool mass
fraction in the terpene phase (linear and quadratic), and the
interaction between both treatments. The parameters of non-
linear models were estimated by the least-squares fitting method.

ki ¼ β0 þ β1w5S þ β2ðw5SÞ2 þ β3w
TP
3 þ β4ðwTP

3 Þ2 þ β5w
TP
3 w5S

ð10Þ
where ki is the distribution coefficient, βn (n = 0�5) are the
parameters estimated, w5S is the water mass fraction in the solvent
linear effect, (w5S)

2 is the water mass fraction in the solvent
quadratic effect, w3

TP is the linalool mass fraction in the terpene
phase linear effect, (w3

TP)2 is the linalool mass fraction in the
terpene phase quadratic effect, and w3

TPw5S is the interaction
between both variables.
To evaluate the predictive capacity of the statistical models,

the average relative deviations (ARD) were calculated according
to eq 11,

ARD ¼ ∑
n

i¼1

jkexptli � kesti j
kexptli

 !" #
� 1

n
ð11Þ

where ki represents the distribution coefficient, n represents the
number of experimental data, and the superscripts exptl and est
are related to the experimental values and those estimated using
the statistical models, respectively.

’RESULTS

As previously stated, a ternary mixture composed of limonene,
linalyl acetate, and linalool was used to simulate bergamot
essential oil. Thus, liquid�liquid equilibrium experimental data
for systems containing these compounds and aqueous solvents
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(ethanol plus water) at (298.2 ( 0.1) K were obtained and
correlated on the basis of the NRTL and UNIQUAC equations.

Table 1 presents CAS registry numbers and experimental
purities of compounds, the molar masses, values of the volume,
and area parameters that were calculated using eq 6.

In Table 2, the overall phase compositions and the corre-
sponding tie lines for the quinary model systems composed of
limonene (1), linalyl acetate (2), linalool (3), ethanol (4), and

water (5) at (298.2 ( 0.1) K are shown. All compositions are
given as mass fractions.

The adjusted parameters of the NRTL and UNIQUAC
models are shown in Table 3. Mean deviations between experi-
mental and calculated compositions in both phases are shown in
Table 4.

Figures 1 and 2 show experimental and calculated limonene
(k1) and linalyl acetate (k2) distribution coefficients and linalyl
acetate/limonene (S2/1) selectivities as a function of the linalool
mass fraction in the terpene phase (w3

TP). These figures present the
corresponding results for each water mass fraction in the solvent
(0.2849 and 0.3085 in Figure 1, 0.3357 and 0.4215 in Figure 2).

The distribution coefficients were calculated according to eq 9,
while the selectivities were calculated as described below (eq 12).

Table 2. Liquid�Liquid Equilibrium Data for Systems of Limonene (1) þ Linalyl Acetate (2) þ Linalool (3) þ Ethanol (4) þ
Water (5), at (298.2 ( 0.1) K

overall composition terpene rich phase solvent rich phase

w5S
a w1 w2 w3 w4 w5 w1 w2 w3 w4 w5 w1 w2 w3 w4 w5

0.2849 0.2620 0.2379 0.0000 0.3576 0.1425 0.4771 0.3780 0.0000 0.1278 0.0171 0.0411 0.0795 0.0000 0.6072 0.2722

0.2484 0.2256 0.0257 0.3577 0.1426 0.4332 0.3496 0.0332 0.1597 0.0243 0.0440 0.0800 0.0176 0.5814 0.2770

0.2357 0.2141 0.0501 0.3576 0.1425 0.3861 0.3163 0.0649 0.1982 0.0345 0.0445 0.0753 0.0326 0.5724 0.2752

0.2222 0.2021 0.0760 0.3573 0.1424 0.3329 0.2796 0.0957 0.2390 0.0528 0.0494 0.0764 0.0487 0.5477 0.2778

0.2096 0.1904 0.1004 0.3573 0.1423 0.2927 0.2499 0.1250 0.2666 0.0658 0.0443 0.0668 0.0592 0.5403 0.2894

0.3085 0.2633 0.2376 0.0000 0.3446 0.1545 0.4817 0.3852 0.0000 0.1173 0.0158 0.0316 0.0676 0.0000 0.6030 0.2978

0.2493 0.2263 0.0255 0.3445 0.1544 0.4380 0.3539 0.0335 0.1518 0.0228 0.0334 0.0665 0.0157 0.5838 0.3006

0.2358 0.2141 0.0503 0.3451 0.1547 0.3935 0.3236 0.0671 0.1837 0.0321 0.0352 0.0633 0.0293 0.5627 0.3095

0.2231 0.2019 0.0752 0.3451 0.1547 0.3473 0.2882 0.0989 0.2192 0.0464 0.0354 0.0588 0.0413 0.5454 0.3191

0.2097 0.1904 0.1003 0.3431 0.1565 0.3027 0.2542 0.1287 0.2522 0.0622 0.0326 0.0519 0.0502 0.5240 0.3413

0.3357 0.2614 0.2376 0.0000 0.3329 0.1681 0.4869 0.4006 0.0000 0.0996 0.0129 0.0191 0.0481 0.0000 0.5929 0.3399

0.2486 0.2260 0.0256 0.3320 0.1678 0.4420 0.3694 0.0365 0.1315 0.0206 0.0206 0.0472 0.0129 0.5729 0.3464

0.2365 0.2139 0.0501 0.3319 0.1676 0.4036 0.3361 0.0714 0.1613 0.0276 0.0212 0.0435 0.0235 0.5537 0.3581

0.2220 0.2013 0.0747 0.3335 0.1685 0.3579 0.3025 0.1048 0.1955 0.0393 0.0174 0.0391 0.0325 0.5464 0.3646

0.2088 0.1896 0.0996 0.3335 0.1685 0.3172 0.2695 0.1361 0.2258 0.0514 0.0186 0.0346 0.0386 0.5245 0.3837

0.1966 0.1785 0.1252 0.3320 0.1677 0.2841 0.2499 0.1618 0.2465 0.0577 0.0146 0.0283 0.0428 0.5179 0.3964

0.4215 0.2621 0.2378 0.0000 0.2893 0.2108 0.4921 0.4156 0.0000 0.0818 0.0105 0.0075 0.0240 0.0000 0.5442 0.4243

0.2487 0.2262 0.0252 0.2892 0.2107 0.4522 0.3855 0.0393 0.1082 0.0148 0.0081 0.0223 0.0078 0.5111 0.4507

0.2343 0.2131 0.0500 0.2907 0.2119 0.4121 0.3558 0.0788 0.1310 0.0223 0.0076 0.0199 0.0140 0.5010 0.4575

0.2228 0.2020 0.0750 0.2893 0.2109 0.3722 0.3222 0.1155 0.1613 0.0288 0.0066 0.0173 0.0185 0.4896 0.4680

0.2097 0.1905 0.1001 0.2891 0.2106 0.3349 0.2931 0.1527 0.1833 0.0360 0.0046 0.0137 0.0216 0.4889 0.4712

0.1831 0.1663 0.1502 0.2895 0.2109 0.2725 0.2374 0.2162 0.2225 0.0514 0.0033 0.0083 0.0221 0.4629 0.5034

0.1837 0.1671 0.1500 0.2888 0.2104 0.2708 0.2396 0.2181 0.2186 0.0529 0.0034 0.0089 0.0229 0.4536 0.5112
a w5S= water mass fraction in the alcoholic solvent.

Table 3. UNIQUAC and NRTL Parameters at (298.2( 0.1)
K

UNIQUAC model NRTL model

pair ija Aij/K Aji/K Aij/K Aji/K Rij

12 �69.127 �119.15 �489.47 2000.00 0.36

13 814.28 �373.47 �1072.30 11.74 0.16

14 377.19 �110.45 �597.93 1189.70 0.19

15 510.83 280.37 �0.13 2932.40 0.18

23 109.35 16.04 �868.05 3873.90 0.43

24 285.95 �260.98 135.34 105.92 0.10

25 505.98 265.92 1819.90 2931.00 0.16

34 171.57 �112.69 �1176.20 157.97 0.20

35 �16.04 5000.00 44.88 2129.50 0.20

45 295.73 �184.56 �319.87 512.25 0.37
a Limonene (1), linalyl acetate (2), linalool (3), ethanol (4), and water
(5).

Table 4. Mean Deviations between the Experimental and
Calculated Compositions in Both Phases

Δwa

w5S UNIQUAC NRTL

0.2849 0.0027 0.0062

0.3095 0.0041 0.0060

0.3357 0.0035 0.0051

0.4215 0.0056 0.0039

global deviation of the correlation 0.0043 0.0052
aCalculated according to eq 8.
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Si=j ¼ ki
kj

ð12Þ

The linalool (k3) distribution coefficients as well as the
linalool/limonene (S3/1) and linalool/linalyl acetate (S3/2) se-
lectivities are shown in Figures 3 and 4. Similar to Figures 1 and 2,
these corresponding values were also plotted against the linalool
mass fraction in the terpene phase (w3

TP).
The results shown in Figures 1�4 indicate that both thermo-

dynamic models provided a good representation of the com-
pounds distribution between the two liquid phases but that the
UNIQUAC model provided a better estimation of limonene,
linalyl acetate, and linalool compositions (see global deviations in
Table 4).

From the data presented in Figures 1�4, it can be observed
that the increase in water mass fractions in the alcoholic
solvent reduced the solvent’s capacity to extract terpene hydro-
carbon (limonene), terpene ester (linalyl acetate), and terpene
alcohol (linalool). In fact, this effect is probably due to a
reduction in mutual solubility among the components of the
system.

In Figures 1�4, it can also be observed that the linalool
distribution coefficient was always higher compared to that of
limonene and linalyl acetate and that, between these last two
components, linalyl acetate presented higher k values. In fact,
these values denote the solvent affinity by the compound,
showing a higher distribution coefficient for the components of
higher polarity; these coefficients can be listed in ascending order
as limonene, linalyl acetate, and linalool.

It can also be observed that the addition of water caused a
significant increase in solvent selectivity and that the linalool/
limonene selectivity (S3/1) values were always the highest
compared to the linalyl acetate/limonene (S2/1) and linalool/
linalyl acetate (S3/2) selectivities, indicating a high solvent affinity
by linalool.

In general, our results of the distribution coefficients and
selectivities are in agreement with previous results published by

Arce et al.33 These authors reported the liquid�liquid equilib-
rium for systems containing limonene, linalool, ethanol, and
water at 298.15 K.

The data presented in Table 2 corroborate previous observa-
tions regarding the effect of water level in the solvent on the
distribution coefficients. By evaluating those tie lines containing
linalool mass fraction around 0.0250 in the overall composition,
it is possible to observe that, for all kinds of alcoholic solvents
studied, limonene, linalyl acetate, and linalool present a decrease
in distribution coefficient values of 80, 74, and 62%, respectively.
The aforementioned figures indicate that the reduction in the
distribution coefficient seems to be not proportionally equal for
the components, because limonene was the most affected
followed by linalyl acetate and then linalool. This effect can be
related to the chemical affinity between water and other compo-
nents in the system, where the small effects are related to
compounds of higher polarity.

To investigate the effect of process variables (water mass
fraction in the solvent, w5S, and the linalool mass fraction in the
terpene phase, w3

TP) on the distribution coefficients of the
essential oil compounds, complete second-order models,
eqs 13�15, were fitted to the experimental data as previously
described.

k1 ¼ 1:27� 6:48w5S þ 8:35ðw5SÞ2 þ 1:26wTP
3 � 0:40ðwTP

3 Þ2

� 2:89wTP
3 w5S ð13Þ

k2 ¼ 1:95� 9:29w5S þ 11:39ðw5SÞ2 þ 1:09wTP
3 � 0:95ðwTP

3 Þ2

� 2:38wTP
3 w5S ð14Þ

k3 ¼ 2:85� 11:70w5S þ 12:94ðw5SÞ2 � 1:18wTP
3 � 0:51ðwTP

3 Þ2

þ 1:82wTP
3 w5S ð15Þ

where w5S and w3
TP represent water mass fraction in the solvent

and linalool mass fraction in the terpene phase, respectively.

Figure 1. Distribution coefficients of limonene (k1) and linalyl acetate (k2), and linalyl acetate/limonene selectivity (S2/1), at (298.2( 0.1) K, for the
systems composed of limonene (1)þ linalyl acetate (2)þ linalool (3)þ ethanol (4)þ water (5). Experimental: 0, k1; Δ, k2; b, S2/1. Calculated: ---,
NRTL; 3 3 3 , UNIQUAC. (a) w5S = 0.2849; (b) w5S = 0.3085.
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Table 5 presents the analysis of variance (ANOVA) for these
adjusted models at 0.95 confidence. The three fitted models
presented high correlation coefficients and acceptable ARD
values (calculated between the experimental values and those
estimated using the adjusted second-order equations, eq 11).
Additionally, in the F-test, the calculated F-values indicate that
the models were reliable. As a practical rule, a model is statisti-
cally significant when the calculated F-value is at least 3�5 times
greater than the listed value.50

On the basis of these statistical models (eqs 13 to 15),
contour curves were produced using Origin Software

(OriginLab, version 8.0). These contour curves represent the
influence of independent variables, w5S and w3

TP, on the
distribution coefficients of the essential oil compounds
(Figures 5�7).

In Figures 5�7, it can be observed that the behavior of the
distribution coefficients was different. In fact, it is possible to
observe that an increase in solvent water content caused a
reduction in the k value, regardless of the compound studied.
This observation supports the previous comments regarding the
lower extracting capacity with higher water content in the ethanol
(see Figures 1�4).

Figure 2. Distribution coefficients of limonene (k1) and linalyl acetate (k2), and linalyl acetate/limonene selectivity (S2/1), at (298.2( 0.1) K, for the
systems composed of limonene (1)þ linalyl acetate (2)þ linalool (3)þ ethanol (4)þ water (5). Experimental: 0, k1; Δ, k2; b, S2/1. Calculated: ---,
NRTL; 3 3 3 , UNIQUAC. (a) w5S = 0.3357; (b) w5S = 0.4215.

Figure 3. Distribution coefficient of linalool (k3), and linalool/limonene (S3/1), and linalool/linalyl acetate (S3/2) selectivities, at (298.2( 0.1) K, for
the systems composed of limonene (1)þ linalyl acetate (2)þ linalool (3)þ ethanol (4)þwater (5). Experimental:O, k3;9, S3/1;2, S3/2. Calculated:
���, NRTL; 3 3 3 , UNIQUAC. (a) w5S = 0.2849; (b) w5S = 0.3085.
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Conversely, the effect of higher linalool content in the terpenic
phase on the distribution coefficient is more prominent for
limonene than for linalyl acetate.

In Figures 5 and 6, it can be observed that as the linalool
content increased, the hydrocarbon terpene and ester distribu-
tion coefficients increased. However, the linalool distribution
coefficient values were negatively affected by the alcohol level on
the terpene phase (see Figure 7).

This analysis can help to optimize the deterpenation process
using countercurrent liquid�liquid extraction columns.

’CONCLUSIONS

The results presented in this paper help to improve the
essential oil deterpenation process by liquid�liquid extraction,
and knowledge of the distribution coefficient of the compounds
as well as the solvent selectivity is extremely important for the
proper design of liquid�liquid extractors.

The compositions of the solvent and terpenic phases were well
represented by the estimated parameters of the NRTL and
UNIQUAC models, as the descriptions of the liquid�liquid

Figure 4. Distribution coefficient of linalool (k3), and linalool/limonene (S3/1), and linalool/linalyl acetate (S3/2) selectivities, at (298.2( 0.1) K, for
the systems composed of limonene (1)þ linalyl acetate (2)þ linalool (3)þ ethanol (4)þwater (5). Experimental:O, k3;9, S3/1;2, S3/2. Calculated:
���, NRTL; 3 3 3 , UNIQUAC. (a) w5S = 0.3357; (b) w5S = 0.4215.

Table 5. Analysis of Variance (ANOVA)

k1 k2 k3

source of variation SSa MSb DFc F valued SS MS DF F valuee SS MS DF F value f

regression 0.040 0.0081 5 118.50 0.129 0.026 5 228.54 0.376 0.075 5 606.21

residual 0.0012 6.8� 10�5 17 0.0019 1.13� 10�4 17 0.0016 1.24� 10�4 13

total 0.041 22 0.131 22 0.378 18

correlation coefficient 0.99 0.99 0.99

ARDg 0.1128 0.0549 0.0194
a Sum of squares. bMean square. cDegrees of freedom. d F calc = F0.95;5;17 = 2.81. e F calc = F0.95;5;17 = 2.81. f F calc = F0.95;5;13 = 3.03. gAverage relative
deviation calculated according to eq 11.

Figure 5. Contour curves of limonene distribution coefficient (k1)
expressed as a function of water mass fraction in the solvent, w5S, and
linalool mass fraction in the terpene phase, w3

TP. Calculated: � 3�, k1 =
0.20;—, k1 = 0.10;���, k1 = 0.080; 3 3 3 , k1 = 0.040;� 3 3�, k1 = 0.020.



2369 dx.doi.org/10.1021/je1013284 |J. Chem. Eng. Data 2011, 56, 2362–2370

Journal of Chemical & Engineering Data ARTICLE

equilibrium for all the systems presented mean deviations lower
than 0.0062 compared to the experimental data.

The UNIQUAC model provided a better description of the
experimental compositions compared to NRTL. However, it is
possible to model and simulate liquid�liquid extractors for
essential oils deterpenation using both models.

Second-order models were used to evaluate the essential oil
compound distribution coefficients at different conditions of
water mass fraction in the solvent and the linalool mass fraction
in the terpene phase. On the basis of these statistical models, it
was observed that a higher water content in the solvent phase
resulted in a lower k value, regardless of compound type.
Conversely, a higher linalool content promoted an increase in
the distribution coefficients of hydrocarbon terpene and ester.
Regarding the linalool distribution coefficients, it was observed

that these values were negatively affected by the terpene alcohol
level in the terpene phase. This information is useful to optimize
the deterpenation process using liquid�liquid extraction.
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