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ABSTRACT: Liquid�liquid equilibrium (LLE) data of the binodal curves and tie-line compositions were examined for ternary
mixtures of (water + methanol + geraniol) and (water + ethanol + geraniol) at T = (283.15, 298.15, and 313.15) K. The immiscible
area of the (water + methanol + geraniol) system is wider than that for the ethanol system at the same temperature. The
experimental liquid�liquid equilibrium data have been represented by using the original UNIQUAC, extended UNIQUAC, and
modified UNIQUAC models.

’ INTRODUCTION

Monoterpenoids have acyclic, monocyclic, and bicyclic struc-
tures and exist in nature as volatile hydrocarbons, alcohols, ketones,
aldehydes, ethers, and other.1 Geraniol (C10H18O) is an acyclic
monoterpene alcohol as show in Figure 1 and one the of impor-
tant fragrance terpenoid. It is the primary component of rose oil,
palmarosa oil, and citronella oil and many other essential oils.
Geraniol (44.6 %) and linalool (28.61 %) were the main compo-
nents of the essential oil from plants grown wild in Croatia.2 It is
well-known that various beers also contain many flavor com-
pounds (such as geraniol) derived from barley malts, hops, yeast
fermentation, and other rawmaterials.3 It has a rose-like odor and
is commonly used in perfumes, flavors, and cosmetics. Despite
many studies4�8 on flavor, food, and biochemistry for volatile
compositions (such geraniol) all reported, there are few data on
the physical and thermodynamic properties such as vapor pre-
ssure, liquid�liquid distribution, and so on. It is therefore nece-
ssary to obtain the fundamental properties in the extraction, sepa-
ration, and purification processing design and control for these
monoterpenoids. In view of a possible future food, cosmetic, or
pharmaceutical application of the extract, it is necessary to use
solvents such ethanol or water.9

Geraniol is insoluble in water but soluble in most common
organic solvents where monoterpenes (C10H16) are partially
soluble in methanol and almost insoluble in water at ambient
temperatures.10 In this work, we focus on the liquid�liquid phase
equilibrium properties of systems containing oxygenated mono-
terpenoids, geraniol in aqueous alcohol solutions. Similar researches
LLE data of the system containing terpene or monoterpenoid
and solvent (alcohol), ternary (limonene + ethanol + water) from
(293.15 to 323.15) K,9 (linalool + ethanol + water),11 (limonene +
linalool + diethylene glycol),12 and (limonene + linalool +1,2-
propanediol or 1,3-propanediol)13 and (water + ethanol + citral)
and (water + ethanol + limonene) systems at 293 K,14 are avail-
able in the literature.On the other hand, ternary (water +methanol +
terpene),10 (water + ethanol +α-pinene, orβ-pinene or limonene),15

and (water + terpene +1-propanol or 1-buthanol) systems
at 293 K;16 binary (methanol + α-pinene or β-pinene) and

ternary (methanol + ethanol + α-pinene or β-pinene);17 and
binary (methanol + limonene) and ternary (methanol + ethanol +
limonene) systems18 have been reported previously.

In the present paper, to examine the multicomponent phase
equilibrium behaviors of geraniol in the (water + methanol) or
(water + ethanol) mixture and the distribution ratios of alcohols
between organic and aqueous phases, we measured the mutual
solubilities of geraniol dissolved in water and their LLE and tie-
line data of ternary mixtures at (283.15, 298.15, and 313.15) K.

’EXPERIMENTAL SECTION

Materials. 3,7-Dimethylocta-2,6-diene-1-ol (geraniol, CAS
No.106-24-1), methanol, and ethanol were supplied by Aladdin
Company, with minimum purities of 0.980, 0.999, and 0.998 by
mass fraction, respectively.Water (bidistilled water) with a purity
higher than 0.9999 by mass fraction was used. All chemicals were
used without further purification.
Procedure and Experimental Data. Ternary liquid�liquid

equilibria for the (water + methanol + geraniol) and (water +
ethanol + geraniol) systems were measured with a tie-line
method at the temperatures (283.15, 298.15, and 313.15) K

Figure 1. Chemical structure of geraniol.
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within ( 0.01 K. The experimental procedure was described in
detail previously.19 The mixtures with a volume of approximately
80 cm3 loaded in the equilibrium cell were stirred vigorously by
using a magnetic stirrer for 5 h and settled for 5 h at the constant
temperature enough to separate two phases. The headspace of
the cell was filled with dry nitrogen gas to keep off contamination
of moisture. After phase equilibrium has been reached, samples
of two layers were withdrawn with a precision Hamiltion syringe
and their compositions were analyzed by gas chromatography
(Agilent 7820A) equipped with both a thermal conductivity
detector (TCD) and flame ionization detector (FID) and a 16-
sample automatic liquid sampler. The temperatures of injection
port and TCD detector were set at 523.15 K and the oven tem-
peratures were increased from (323 to 503) K at a rate of 0.67K s�1.
The hydrogen flow rate for the separation column was set at
0.0125 cm3 s�1 (split ratio 100:1). AGC capillary column (DB-624,
30 m � 0.25 mm) was used to separate every component. The
peak area of the components, detected to analyze with EzChrom
Elite Compact software, was calibrated by gravimetrically weighed
mixtures. For each sample solution, three analyses were made to

obtain a mean value. The accuracy of the tie-line measurements
was estimated less than ( 0.001 in mole fraction.
Tables 1 and 2 summarize the experimental ternary LLE tie-

line compositions for the both water (1) + methanol (2) +
geraniol (3) and water (1) + ethanol (2) + geraniol (3) systems
at T = (283.15, 298.15, and 313.15) K. Figure 2 shows the
experimental tie-line data for the systems containing methanol
and ethanol at 298.15 K, and Figure 3 shows the experimental
distribution ratios of methanol and ethanol for the systems.

’CALCULATED RESULTS AND DISCUSSION

Activity-Coefficient Models. To represent the experimental
ternary LLE data, we used the original UNIQUAC,20 and two

Table 1. Experimental Liquid�Liquid Equilibrium Mole
Fractions x (Tie-Line Data) for the System Water (1) +
Methanol (2) + Geraniol (3) at Temperature T = (283.15,
298.15, and 313.15) K and Pressure P = 101.3 kPaa

water rich phase (I) geraniol rich phase (II)

x1
I x2

I x3
I x1

II x2
II x3

II

T = 293.15 K

0.9997 0.0000 0.0003 0.2228 0.0000 0.7772

0.9472 0.0522 0.0006 0.2309 0.0702 0.6989

0.8767 0.1228 0.0005 0.2376 0.1670 0.5954

0.8190 0.1804 0.0006 0.2575 0.2549 0.4876

0.7578 0.2403 0.0019 0.2745 0.3164 0.4091

0.7051 0.2929 0.0020 0.3004 0.3779 0.3217

0.6585 0.3382 0.0033 0.3352 0.4181 0.2467

0.5568 0.4183 0.0249 0.4535 0.4526 0.0939

T = 298.15 K

0.9999 0.0000 0.0001 0.2339 0.0000 0.7661

0.9481 0.0517 0.0002 0.2389 0.0768 0.6843

0.9110 0.0888 0.0002 0.2483 0.1398 0.6119

0.8683 0.1314 0.0003 0.2538 0.1955 0.5507

0.8043 0.1947 0.0010 0.2857 0.2814 0.4329

0.7513 0.2475 0.0012 0.3066 0.3383 0.3551

0.6851 0.3113 0.0036 0.3631 0.4032 0.2337

0.6285 0.3625 0.0090 0.4100 0.4239 0.1661

0.5855 0.3893 0.0252 0.4617 0.4262 0.1121

T = 313.15 K

0.9998 0.0000 0.0002 0.2385 0.0000 0.7615

0.9539 0.0452 0.0009 0.2493 0.0768 0.6739

0.8909 0.1089 0.0002 0.2779 0.1749 0.5472

0.8261 0.1732 0.0007 0.2823 0.2655 0.4522

0.7782 0.2205 0.0013 0.3189 0.3142 0.3669

0.7218 0.2754 0.0028 0.3518 0.3738 0.2744

0.6679 0.3245 0.0076 0.3971 0.4102 0.1927

0.6224 0.3579 0.0197 0.4896 0.3992 0.1112
a Standard uncertainties u are u(T) = 0.01 K and u(x) = 0.0005.

Table 2. Experimental Liquid�Liquid Equilibrium Mole
Fractions x (Tie-Line Data) for the System Water (1) +
Ethanol (2) + Geraniol (3) at Temperature T = (283.15,
298.15, and 313.15) K and Pressure P = 101.3 kPaa

water rich phase (I) geraniol rich phase (II)

x1
I x2

I x3
I x1

II x2
II x3

II

T = 293.15 K

0.9997 0.0000 0.0003 0.2228 0.0000 0.7772

0.9783 0.0212 0.0005 0.2342 0.0600 0.7058

0.9572 0.0423 0.0005 0.2365 0.1127 0.6508

0.9250 0.0747 0.0003 0.2657 0.1982 0.5361

0.9153 0.0844 0.0003 0.2783 0.2284 0.4933

0.8904 0.1090 0.0006 0.3121 0.2894 0.3985

0.8695 0.1299 0.0006 0.3586 0.3321 0.3093

0.8458 0.1524 0.0018 0.4009 0.3540 0.2451

0.8336 0.1645 0.0019 0.4414 0.3654 0.1932

0.8268 0.1710 0.0022 0.4704 0.3613 0.1683

0.8028 0.1939 0.0033 0.5028 0.3608 0.1364

T = 298.15 K

0.9999 0.0000 0.0001 0.2339 0.0000 0.7661

0.9799 0.0199 0.0002 0.2483 0.0687 0.6830

0.9605 0.0392 0.0003 0.2711 0.1274 0.6015

0.9410 0.0587 0.0003 0.2915 0.1881 0.5204

0.9237 0.0760 0.0003 0.3098 0.2294 0.4608

0.9010 0.0985 0.0005 0.3361 0.2817 0.3822

0.8888 0.1105 0.0007 0.3634 0.3067 0.3299

0.8713 0.1279 0.0008 0.4080 0.3288 0.2632

0.8530 0.1443 0.0027 0.4455 0.3389 0.2156

0.8419 0.1556 0.0025 0.4817 0.3402 0.1781

0.7603 0.2192 0.0205 0.6597 0.2824 0.0579

T = 313.15 K

0.9998 0.0000 0.0002 0.2385 0.0000 0.7615

0.9811 0.0188 0.0001 0.2574 0.0772 0.6654

0.9632 0.0366 0.0002 0.2752 0.1397 0.5851

0.9422 0.0575 0.0003 0.3123 0.2037 0.4840

0.9316 0.0681 0.0003 0.3353 0.2468 0.4179

0.8974 0.1019 0.0007 0.3668 0.3065 0.3267

0.8839 0.1152 0.0009 0.4119 0.3242 0.2639

0.8768 0.1220 0.0012 0.4403 0.3230 0.2367

0.6634 0.2698 0.0668 0.7908 0.1929 0.0163
a Standard uncertainties u are u(T) = 0.01 K and u(x) = 0.0005.
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activity-coefficient models with binary and ternary parameters:
the extended UNIQUAC proposed by Nagata21 and the mod-
ified UNIQUAC proposed by Tamura.19

The excess molar Gibbs energy of the extended UNIQUAC
odel can be expressed by the sum of the two contributions: the
combinatorial term accounts for molecular interactions due to
molecular different size and shape and the residual term accounts
for the two-body interaction between unlike binary compo-
nents and the additional multibody interactions among unlike
components. The segment fraction ϕi and surface fraction θi of
component i are expressed as

ϕi ¼
xiri

∑
j
xjrj

, θi ¼ xiqi

∑
j
xjqj

ð1Þ

where ri is the molecular-geometric volume parameter of pure
component, qi is the molecular-geometric surface parameter of
pure component that can be estimated from the Bondi’s method.
In the extended UNIQUAC equation, the interaction correction
factor of pure component q0i was used to improve the phase
equilibrium representation. The pure-component molecular
parameters, r and q,22�24 and the correlation factor q0 fixed in
the model are listed in Table 3.
The modified UNIQUACmodel couples with the combinatorial

correction term of Gmehling et al.25 and the residual term of the
extendedUNIQUACmodel26 involving a universal value of the third

parameter C as derived by Maurer and Prausnitz.27 In the modified
UNIQUAC model, the corrected segment fraction ϕi0 is given by

ϕi
0 ¼ xiri3=4

∑
j
xjrj3=4

ð2Þ

Figure 2. Liquid�liquid equilibria for ternary (water + methanol +
geraniol) and (water + ethanol + geraniol) systems at 298.15K. Experimental
tie-line (b�•�b); correlation A (-----), by extended UNIQUAC with
binary parameters from Tables 4 and 5; correlation B (——), by extended
UNIQUAC with binary and ternary parameters from Tables 4 and 5.

Figure 3. Comparison of experimental and calculated distribution
ratios of alcohol for (a): (water + methanol + geraniol) and (b):
(water + ethanol + geraniol) systems at T = (283.15, 298.15 and
313.15) K: O, 283.15 K; Δ, 298.15 K; and 0, 313.15 K. correlation B
(——), by extended UNIQUAC with binary and ternary parameters
from Tables 4 and 5.

Table 3. UNIQUAC Structural Parameters for Pure
Components

component ra qa q0b q0c

water 0.920 1.400 0.960 1.283

methanol 1.430 1.430 1.000 1.482

ethanol 2.110 1.972 0.920 1.404

geraniol 7.034d 6.100d q0.2 q0.75

aUNIQUAC. bExtended UNIQUAC. cModified UNIQUAC. dCalcu-
lated from Bondi’s method.
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The adjustable binary parameters τij is defined by the binary energy
parameters aij

τij ¼ exp � aij
CT

� �
ð3Þ

where aij can be obtained from binary experimental phase equilib-
rium data, and C was set to 1 for the extended UNIQUAC and 0.65
for the modified UNIQUAC. The detailed expressions of activity
coefficient of the two models can be reviewed from the literatures.
Calculation.The binary energy parameters aij for the miscible

mixtures were obtained from vapor�liquid equilibrium data
reduction using the following thermodynamic equations:

PyiΦi ¼ xiγiP
s
iΦ

s
i expfVL

i ðP� Psi Þ=RTg ð4Þ

ln Φi ¼ ð2 ∑
j
yjB

j
ij � ∑

i
∑
j
yiyjBijÞP=RT ð5Þ

where P, x, y, and γ are the total pressure, the liquid-phase mole
fraction, the vapor-phase mole fraction, and the activity coeffi-
cient. The pure component vapor pressure Ps was calculated by
using the Antoine equation with coefficients taken from the lite-
rature.22,23 The liquid molar volume VL was obtained by a modi-
fied Racket equation.28 The fugacity coefficient, Φi, was calcu-
lated from eq 5 using the pure and cross second virial coefficients
Bij estimated by the method of Hayden and O0Connell.29 An
optimum set of the binary energy parameter aij was obtained
using a maximum-likely hood principle,30 where standard devia-
tions in the measured quantities were set as σ (P) = 133.3 Pa for
pressure; σ (T) = 0.05 K for temperature; σ (x) = 0.001 for liquid
mole fraction; σ (y) = 0.003 for vapor mole fraction.
A set of the energy parameters for the immiscible mixtures was

obtained from the mutual solubilities by solving eqs 6 and 7 with
a Newton�Raphson iterative method.

ðγixiÞI ¼ ðγixiÞII ð6Þ

∑
i
xIi ¼ ∑

i
xIIi ¼ 1 ð7Þ

where I and II represent equilibrium phases. The binary para-
meters obtained by the original UNIQUAC, extended and modi-
fied UNIQUAC models are listed in Table 4.
Ternary parameter taken into account three body interactions

τijkwas used for the correlation of ternary liquid�liquid equilibria
(LLE). The ternary parameters can be obtained fitting themodels
to experimental ternary LLE byminimizing the objective function

F ¼ 100f∑
n

k
∑
3

i
∑
2

j
ðxexpijk � xcalijk Þ2=Mg0:5 ð8Þ

whereM denotes the total number of phases j = 1 and 2, tie-lines
k = 1 to n, components i = 1, 2, tom, and which is given byM = 6n
for a ternary system. The deviation between experimental and
calculated values was expressed by the root-mean-square devia-
tion rms (%), which can be defined by eq 8.
Results and Discussion. The LLE phase behavior of the

ternary mixtures measured show a type I for the (water +
methanol or ethanol + geraniol) systems according to the classi-
fication of Sørensen and Arlt. The ternary LLEs of the (water +
methanol or ethanol + geraniol) systems consist of two miscible
systems (water +methanol or ethanol) and (methanol or ethanol +
geraniol) and one immiscible system (water + geraniol). To corre-
late the experimental LLE data using the original UNIQUAC,
extended andmodified UNIQUACmodels, we used themethods
of correlation A and B (for the extended and modified UNIQUAC
models). In correlation A, the binary parameters of the extended
andmodified UNIQUACmodels were determined from the binary
phase equilibrium data. However, the binary vapor�liquid equili-
bria for (methanol + geraniol) and (ethanol + geraniol) have not
been reported. In the present work, a set of the binary parameters
for miscible pair alcohol (2) + geraniol (3) can be determined
from the experimental ternary LLEs of the water (1) + alcohol
(2) + geraniol (3) systems by minimizing the objective function
of eq 8 using the binary parameters of water (1) + alcohol (2) and
water (1) + geraniol (3) systems given in Table 4. Table 5 lists the
root-mean-square deviations (rms) between the experimental
and calculated results by the method of the correlation A and the

Table 4. Calculated Results of Binary Phase Equilibrium Data Reduction

T a12 a21 σ(P) σ(T)

system (1 + 2) K N b modela K K kPa K 103σ(x) 103σ(y) ref

water + methanol 298.15 10 I �350.44 419.59 0.13 0.0 1.2 7.3 22

II �194.68 279.50 0.11 0.0 1.0 4.0

III �306.97 292.13 1.06 0.1 1.5 14.7

water + ethanol 298.15 12 I �17.09 258.64 0.05 0.0 1.1 5.6 23

II 40.36 154.29 0.13 0.0 0.9 4.8

III �29.61 195.65 0.13 0.0 1.0 5.2

water + geraniol 283.15 MS I 124.57 298.74 this work

II 607.55 569.56

III 127.84 493.12

water + geraniol 298.15 MS I 209.56 246.99 this work

II 871.96 577.10

III 293.17 409.20

water + geraniol 313.15 MS I 173.61 286.28 this work

II 765.95 606.03

III 209.77 468.23
a I, UNIQUAC; II, extended UNIQUAC; III, modified UNIQUAC. b N, number of experimenyal data MS, mutual solubility σ, deviation.
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binary parameters of the alcohol (2) + geraniol (3) system ob-
tained fitting the models to the experimental ternary LLEs. The
mean deviations (rms) obtained for the all ternary systems mea-
sured at T = (283.15, 298.15, and 313.15) K were 1.63 %, 1.41 %,
and 1.72 % by the original UNIQUAC, the extended and
modified UNIQUAC models, respectively.
In a further accurate representation of the ternary LLEs as

referred by the correction B, the ternary parameters τijkwas used.
As the binary parameters of the water (1) + geraniol (3) andwater
(1) + alcohol (2) system given in Table 4 and those of alcohol
(2) + geraniol (3) systems given in Table 5 were determined, the
ternary parameters in the models can be obtained fitting the
models to the experimental ternary LLEs byminimizing the objec-
tive function defined by eq 8. Table 5 shows the rms deviations
between experimental and correlated results along with the
ternary parameters for the (water + alcohol + geraniol) system.
The mean deviations obtained from the six ternary systems were
0.66 % and 0.77 % by the extended and modified UNIQUAC
models. The correlated results using the ternary parameters
obtained by the two models were improved remarkably, and
the extended UNIQUACmodel could reproduced accurately the
experimental results in comparison with the modified UN-
IQUAC model. Figure 2 displays the calculated results (correlation
A and B) along with experimental LLE tie-line data at 298.15 K
for (water +methanol + geraniol) and (water + ethanol + geraniol)
systems. Figure 2 illustrates good agreement of the experimental
ternary results with those correlated by including the ternary
parameters of the ternary LLE systems.

To examine the liquid�liquid distribution ratios of alcohol
(methanol or ethanol) in (water + geraniol) mixture, the distri-
bution ratio of alcohol (component 2) in the ternary LLE mix-
tures was defined by

D ¼ xII2
xI2

ð9Þ

Figure 3 compares the tendencies and differences of value of
experimental distribution ratios of methanol and ethanol in the
ternary (water + alcohol + geraniol) at T = (283.15, 298.15, and
313.15) K. For the ternary systems, the distribution ratio of
alcohols was increasing as the system temperature increased. On
the other hand, the distribution ratio of alcohol at a system
temperature was decreasing as the concentration of alcohol in the
mixture increased. The results for the distribution ratios of
alcohols calculated by the extended and modified UNIQUAC
models were in a fair agreement with the experimental values.
Figure 4 shows the temperature dependence of the ternary

LLE envelope with tie-lines for (water + methanol + geraniol)
and (water + ethanol + geraniol) systems at T = (283.15, 298.15,
and 313.15) K, where the immiscible regions decrease as tem-
perature increases, could be represented successfully by the exten-
ded UNIQUAC model as shown in Figure 2. Figure 5 illustra-
tes the comparison of immiscible regions for ternary (water +
methanol + geraniol) and (water + ethanol + geraniol) LLEs at
T = 283.15 K. It is obvious that the ternary LLE envelope with
tie-line data for (water + methanol + geraniol) system was larger
than that of (water + ethanol + geraniol) system. In other words,

Table 5. Calculated Results for Ternary Liquid�Liquid Equilibria at Temperature T = (283.15, 298.15, and 313.15) Ka

correlation A correlation B

T rms a23 a32 rms

system (1 + 2 + 3) K N modelb % K K % τ231 τ132 τ123

water + methanol + geraniol 283.15 8 I 1.08 �81.48 166.53

II 1.16 �6.65 215.44 1.12 0.0090 0.0105 0.0113

III 1.34 �199.86 233.62 1.02 0.0013 0.1187 �0.1398

298.15 9 I 0.93 �104.33 261.18

II 0.97 �83.94 262.42 0.44 �0.7058 2.1204 �1.1426

III 1.21 �254.43 370.17 0.57 1.6833 �1.9419 �1.7530

313.15 8 I 0.96 �127.26 290.97

II 1.03 �130.74 287.41 0.54 �0.7583 2.2857 �1.3214

III 1.35 �291.94 407.65 0.62 2.0316 �2.1595 �2.2149

water + ethanol + geraniol 283.15 11 I 1.72 �125.26 537.56

II 1.21 �103.85 336.04 0.45 �0.9411 2.7132 �1.6642

III 1.56 �182.13 686.99 0.37 0.2632 �1.2186 1.8737

298.15 11 I 2.19 �162.57 719.22

II 1.39 �207.71 452.66 0.74 �0.2857 0.4191 0.0163

III 1.87 �258.59 1487.00 0.73 0.0037 �1.2282 2.8134

313.15 9 I 2.89 �131.43 344.07

II 2.69 77.50 127.50 0.67 0.0010 0.5000 0.5000

III 3.01 �252.13 1091.00 1.32 0.0108 0.0011 0.1033

average I 1.63

II 1.41 0.66

III 1.72 0.77
a N, number of experimental data rms, root mean square deviation aij, estimated binary parameter. τijk, ternary parameter correlation A with binary
parameters correlation B with binary and ternary parameters. b I, UNIQUAC; II, extended UNIQUAC; III, modified UNIQUAC.
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the miscibility for the ternary (water + ethanol + geraniol) LLE
was much more than that of (water + methanol + geraniol) LLE.
This is explained by a fact that ethanol has a little stronger
hydrophobicity because of containing one lipophilic group CH2

than methanol. In a similar way, the distribution ratio of ethanol

for the (water + ethanol + geraniol) mixture was higher than that
of the (water + methanol + geraniol) mixture at a constant tem-
perature and concentration of alcohol.

’CONCLUSION

Liquid�liquid equilibrium data of tie-line compositions were
presented for the ternary mixtures of (water + methanol or
ethanol + geraniol) at T = (283.15, 298.15, and 313.15) K. The
immiscible area of (water + methanol + geraniol) system is
wider than that for the ethanol system at the constant tem-
perature due to weaker hydrophobicity of methanol than
ethanol. The influence on temperature for the ternary LLEs
represents that the immiscible regions decrease but the dis-
tribution ratios of alcohols increase as temperature increases.
The experimental liquid�liquid equilibrium data have been
satisfactorily represented by using extended UNIQUAC and
modified UNIQUAC by including binary and ternary para-
meters. The mean deviations obtained from the all six ternary
systems were 0.66 % and 0.77 % by the extended and modified
UNIQUAC models, respectively.
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