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This pap er reports the densities, refraction indices, and vapor liquid equilibria for binary systems 
ester + N-methyl-2-hydroxyethylammonium butyrat e (m-2-HEAB): methyl acetate (1) + m-2-HEAB (2),
ethyl acetate (1) + m-2-HEAB and propy l acetate (1) + m-2-HEAB (2). The excess molar volumes, devia- 
tions in the refraction index, apparent molar volumes, and thermal expansion coefficients for the binary 
systems were fitted to polynomial equations. The Peng–Robinson equation of state, coupled with the 
Wong–Sandler mixing rule, is used to describe the experimen tal data. Since the predictive activity coef- 
ficient model COSMO-SAC is used in the Wong–Sandler mixing rule, the resulting thermodynamic model 
is a completely predictive one. The prediction results for the density and for the vapor–liquid equilibria 
have a deviation lower than 1.0% and 1.1%, respectively.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction 

Actually, organic esters are important intermediates in chemi- 
cal and pharmac eutical industrie s, and they are mostly produced 
by acid-catalyzed esterification reactions [1]. Various mineral acids 
have been used as catalysts for esterification, but they are extre- 
mely corrosive and need to be neutralized at the end of the reac- 
tion. Many acid-catalyzed organic reactions based on ionic 
liquids have been reported, among which esterifications are a hot 
topic [2]. Furthermore, at the end of the reaction, a direct liquid–
liquid separation or distillation of the esters compounds from the 
reaction mixture appears very attractive in the case of derivatives 
that are volatile enough. Besides, the ionic liquid could be recycled 
after separation and purification stages.

By the accepted definition, room-temperatur e ionic liquids are 
salts that are liquids below 373 K, which are considered as poten- 
tial substitutes to many traditional organic solvents in reaction and 
separation processes [3,4]. In spite of their importance and inter- 
est, accurate values for many of the fundamental physical–chemi-
cal propertie s of these compounds are either scarce or absent. In
order to design any process involving ionic liquids in industrial 
scale, it is necessary to know several physical propertie s, including 
ll rights reserved.

: +55 19 35213965.
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density and vapor–liquid equilibria in mixtures including ionic 
liquids. Since it is impossible to measure all the possible combina- 
tions of systems, it is necessary to make measureme nts on selec- 
tive systems to provide results that can be used to develop 
correlations and predictive methods.

Most of the studies concerning ionic liquids have been based on
the imidazolium cation and, to a lesser extent, on the alkyl pyrid- 
iniums and trialkylamin es [5]. On the other hand, protic ionic liq- 
uids (PILs) have received limited attention from the academia,
despite that the first PIL synthesized was the ethanolammon ium 
nitrate, reported by Gabriel and Weiner in 1882 [6]. These PILs 
are produced by a stoichiomet ric acid–base Brønsted reaction 
and their main differenc e, compared to aprotic ionic liquids (AILs),
is the presence of at least one proton, which is/are able to promote 
extensive hydrogen bonding [7]. Recently, some work has been 
reported on the synthesis , physicochemi cal and structural 
characteri zation of PILs. Bicak [8] synthesized the 2-hydroxyethy -
lammonium formate (2-HEAF), an ionic liquid formed by the neu- 
tralization of monoeth anolamine with formic acid. Greaves et al.
[9] proposed different PILs from primary amines and organic and 
inorganic acids. Cota et al. [10], Kurnia et al. [11] and Alvarez 
et al. [12] synthesized several of these ionic liquids by modifying 
the aliphatic chain of the organic acid and/or using secondary 
and tertiary hydroxyam ines. There were also studies that use PILs 
in catalytic reactions and on the interaction with hydroxilic 
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TABLE 1
Purity, water content by mass, wH2O, and density, q, of pure components at T = 298.15 K and p = 101.3 kPa.

Compound Source Purification method Mass fraction purity Mass fraction wH2O (�102)a q (g � cm�3)

Exp Lit 

Methyl acetate S-A c None >0.998 c <0.05 0.92682 0.9282 e

Ethyl acetate S-A c None >0.999 c <0.03 0.89490 0.8928 e

Propyl acetate S-A c None >0.995 c <0.5 0.88261 0.8823 e

m-2-HEABb Synthesized Vacuum heating >0.980 d <0.1 1.03394 1.0392 f

Standard uncertainties u are u(q) = 0.00005 g � cm�3 and u(T) = 0.01 K.
a Measured by Karl Fisher titration.
b m-2-HEAB = N-methyl-2-hydroxyethylammonium butyrate.
c Sigma–Aldrich.
d Measured by NMR method.
e Reference [16].
f Reference [12].

FIGURE 1. 1D hydrogen spectrum for m-2-HEAB.
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solvents, showing that 2-HEAF is soluble in water, ethanol and 
methanol in all the concentr ation range [13]. Moreover, a relevant 
aspect, few times considered in the applicati on of ionic liquids and 
the environm ent, is their potential toxicity. This issue has not been 
sufficiently studied, especiall y taking into account the need of this 
information to fulfill the REACH (Registration, Evaluation, Authori- 
zation and Restriction of Chemical Substanc es) requiremen ts (UE)
and so, allowing the assessment of hygiene and safety issues de- 
rived from their manufacture, use, and transport. Specifically about 
PILs from hydroxyam ines and organic acids, the first results high- 
light that total biodegradation and low toxicity are intrinsic char- 
acteristics of this family of ionic liquids [14,15].

In this work, experime ntal density and refraction index data of
pure protic ionic liquid N-methyl-2 -hydroxyethylam monium 
butyrate (m-2-HEAB) have been measure d at several temperature s.
Also, experime ntal density, refraction index and vapor–liquid equi- 
librium (VLE) data over the whole composition range for binary 
mixtures methyl acetate (1) + m-2-HEAB (2), ethyl acetate 
(1) + m-2-HEAB (2) and propyl acetate (1) + m-2-HEAB (2) have 
been determined at 101.3 kPa. Thermal expansion coefficients, ex- 
cess molar volumes, and deviation s in the refraction index were 
calculated from experimental data. The Peng–Robinson equation 
of state, coupled with the Wong–Sandler mixing rule, was used 
to describe the experime ntal data. Since the predictive activity 
coefficient model COSMO-SAC was used in the Wong–Sandler mix- 
ing rule, the resulting thermodyna mic model was a completely 
predictiv e one. The prediction results for the density and for the 
vapor–liquid equilibria had a deviation lower than 1.0% and 1.1%,
respectively .

2. Experimen tal 

2.1. Chemical s

The esters were supplied by Sigma–Aldrich, with purity higher 
than 99.0%, and were degassed ultrasonicall y.

2.2. Synthesis 

N-methyl -2-hydroxyeth ylammonium butyrate was prepared 
accordin g to the procedure by Alvarez et al. [12], slightly modified.
Butanoic acid was added dropwise to a known amount of 2-(meth-
ylamino)ethanol and cooled in an ice bath under nitrogen in order 
to maintain the reaction temperature below 283.15 K, since the 
reaction is exothermic. The reaction mixture was stirred at room 
temperat ure for 5 h and the progress of the reaction was moni- 
tored by refraction index measurements . The ionic liquid N-
methyl-2- hydroxyethyla mmonium butyrate obtained was dried 



TABLE 2
Density and excess volume for the binary mixtures esters (1) + m-2-HEAB (2) at p = 101.3 kPa.

Methyl acetate + m-2-HEAB (288.15 K) Ethyl acetate + m-2-HEAB (303.15 K) Propyl acetate + m-2-HEAB (313.15 K)

x1 q/g � cm�3 VE/cm3 �mol�1 x1 q/g � cm�3 VE/cm3 �mol�1 x1 q/g � cm�3 VE/cm3 �mol�1

0.0000 1.0392 0.0001 0.0000 1.03587 0.0000 0.0000 1.02914 0.0000 
0.0454 1.0298 0.7922 0.0454 1.02624 0.8080 0.0785 1.01332 0.9322 
0.0956 1.0259 0.6434 0.0956 1.02232 0.6510 0.1247 1.00937 0.6252 
0.1990 1.0173 0.3637 0.1990 1.01358 0.3460 0.2070 0.99976 0.4202 
0.2901 1.0086 0.1619 0.2901 1.00461 0.1635 0.3035 0.98989 �0.1133 
0.4120 0.9970 �0.2466 0.4120 0.99258 �0.2320 0.4177 0.97759 �0.7700 
0.5070 0.9859 �0.4147 0.5070 0.98119 �0.4054 0.5088 0.96473 �0.9609 
0.6018 0.9718 �0.3436 0.6018 0.96706 �0.3654 0.6042 0.94838 �0.8692 
0.7039 0.9554 �0.3068 0.7039 0.95035 �0.3235 0.6960 0.93130 �0.7187 
0.8031 0.9369 �0.1714 0.8031 0.93153 �0.1807 0.7939 0.91241 �0.6133 
0.8998 0.9174 �0.0782 0.8998 0.91157 �0.0795 0.8936 0.89100 �0.3774 
0.9497 0.9066 �0.0517 0.9497 0.90062 �0.0494 0.9454 0.87887 �0.1920 
1.0000 0.8949 0.0000 1.0000 0.88876 0.0000 1.0000 0.86570 0.0000 

Standard uncertainties u are u(x) = 0.0007, u(q) = 0.00005 and u(T) = 0.01 K.
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by heating to (343.15 to 353.15) K and stirring under high vacuum 
(0.2 kPa) for 48 h. Its purity was ascertain ed as 98% mass fraction 
by NMR analysis.

The ionic liquid was kept in bottles with nitrogen gas. In order 
to reduce the water content (lower than 0.1% mass fraction, deter- 
mined using a Mettler Toledo 756 Karl Fisher titrator), vacuum 
(0.2 Pa) and moderate temperature (343.15 K) were applied for 
several days, always immediately prior to their use.

Table 1 shows a comparison between experimental and litera- 
ture data of the pure components at 298.15 K. The differenc es be- 
tween experimental and literature data for pure m-2-HEAB can be
due the water content, since the physical properties are strongly 
dependent of this.
2.3. Apparatus and procedure 

Samples were prepared by introducing with a syringe known 
masses of the pure liquids into stoppered bottles, in an inert-atmo- 
sphere glove box, using a Mettler AX-205 Delta Range analytical 
balance, with a precision of ±10�4 g. A glove box was used in order 
to prevent the water absorption by the ionic liquid. Densities were 
measured using an Anton Paar DMA 4000 digital vibrating -tube 
densimeter. The repeatability and the uncertainty in experimental 
measureme nt have been found to be lower than ±5 � 10�5 g � cm�3

for the density. The DMA 4000 automatically corrects the influence
of viscosity on the measured density.

Refraction indices were determined using an automatic Mettler 
Toledo D4 refractometer with a resolution of ±10�4 and an uncer- 
tainty in the experimental measure ments of ±2 � 10�4.
TABLE 3
Refraction index and deviations for the binary mixtures esters (1) + m-2-HEAB(2) at p = 1

Methyl acetate + m-2-HEAB (288.15 K) Ethyl acetate + m-2-HEAB 

x1 nD dnD x1 nD

1.0000 1.3650 0.0000 1.0000 1.3672 
0.9483 1.3746 0.0048 0.9497 1.3746 
0.8979 1.3833 0.0088 0.8998 1.3812 
0.7912 1.3996 0.0152 0.8031 1.3949 
0.6898 1.4130 0.0191 0.7039 1.4055 
0.5928 1.4232 0.0203 0.6018 1.4161 
0.4973 1.4327 0.0210 0.5070 1.4246 
0.3983 1.4399 0.0190 0.4120 1.4324 
0.3079 1.4449 0.0056 0.2901 1.4411 
0.2074 1.4509 0.0123 0.1990 1.4472 
0.1097 1.4556 0.0079 0.0956 1.4511 
0.0646 1.4558 0.0039 0.0454 1.4533 
0.0000 1.4579 0.0000 0.0000 1.4534 

Standard uncertainties u are u(x) = 0.0007, u(nD) = 0.0002 and u(T) = 0.01 K.
The VLE data were measured using a glass Fischer 602 D Lab- 
odest (vapor + liquid) equilibriu m still. The temperature was 
measure d by a Pt100 platinum sensor with an uncertainty of
±0.1 K. For the pressure measurement, a differential U-tube glyc- 
erol manometer was used, with an uncertainty of ±0.01 kPa.
Nitrogen was injected into the still to maintain a constant pres- 
sure of 101.32 kPa, in agreement with the local atmospheric 
pressure . During the operation , a liquid binary mixture of es- 
ter + m-2-HEAB was placed inside the boiling chamber and 
heated. The (vapor + liquid) in the boiling chamber was carried 
upward to the equilibriu m chamber, where the vapor and liquid 
phases were separated after flowing directly along the thermom -
eter stem. The vapor was condensed in the condenser and went 
to the mixing chamber. The equilibriu m was usually reached in
about 30–60 min, as indicated by the constant boiling tempera- 
ture. The system was maintain ed in equilibriu m for about 
30 min, and then samples of the vapor and liquid were taken 
out by syringes. The compositions of the vapor and liquid phases 
were determined by refractometr ic analysis. The refraction index 
of both phases was measure d at 288.2 K and the results were 
compare d with samples of known compositi on, through an in- 
verse interpolation.
3. Modeling 

3.1. Volumetr ic and optical properties 

The density and refraction index for the mixtures were corre- 
lated by:
01.3 kPa.

(303.15 K) Propyl acetate + m-2-HEAB (313.15 K)

dnD x1 nD dnD

0.0000 1.0000 1.3741 0.0000 
0.0031 0.9454 1.3809 0.0027 
0.0054 0.8936 1.3870 0.0048 
0.0107 0.7939 1.3991 0.0093 
0.0128 0.6960 1.4068 0.0095 
0.0146 0.6042 1.4146 0.0103 
0.0149 0.5088 1.4222 0.0106 
0.0145 0.4177 1.4288 0.0103 
0.0127 0.3035 1.4365 0.0092 
0.0109 0.2070 1.4417 0.0071 
0.0059 0.1247 1.4457 0.0048 
0.0038 0.0785 1.4483 0.0039 
0.0000 0.0000 1.4504 0.0000 



TABLE 4
Fitting parameters and root mean square deviations for density and refraction index of binary mixtures by equation (1).

Methyl acetate + m-2-HEAB Ethyl acetate + m-2-HEAB Propyl acetate + m-2-HEAB 

q/(g � cm�3) nD q/(g � cm�3) nD q/(g � cm�3) nD

B00 1.232E+00 �2.777E+04 1.199E+00 �3.073E+04 1.191E+00 �3.279E+04
B01 �6.045E�04 �9.538E+01 �4.133E�04 �1.004E+02 �3.631E�04 �1.037E+02
B02 �1.288E�07 6.655E �01 �4.314E�07 6.656E �01 �4.988E�07 6.656E �01
B10 �4.042E�02 �2.777E+04 6.744E �01 �3.073E+04 1.153E �01 �3.279E+04
B11 �3.270E�04 �9.538E+01 �5.009E�03 �1.004E+02 �1.418E�03 �1.037E+02
B12 2.275E�09 6.655E �01 7.651E �06 6.656E �01 1.437E �06 6.656E �01
B20 �4.289E�01 �2.777E+04 2.726E+00 �3.073E+04 �7.005E�01 �3.279E+04
B21 5.014E�03 �9.538E+01 �1.493E�02 �1.004E+02 5.699E �03 �1.037E+02
B22 �8.910E�06 6.655E �01 2.216E �05 6.656E �01 �7.503E�06 6.656E �01
B30 1.038E+00 �2.777E+04 �1.029E+01 �3.073E+04 3.092E �01 �3.279E+04
B31 �9.772E�03 �9.539E+01 6.185E �02 �1.004E+02 �3.651E�03 �1.037E+02
B32 1.697E�05 6.655E �01 �9.657E�05 6.656E �01 2.715E �06 6.656E �01
B40 �5.938E�01 6.943E+00 2.368E �01
B41 5.138E�03 �4.266E�02 �9.480E�04
B42 �9.241E�06 6.703E �05 3.117E �06

s 8.9 � 10�4 3.9 9.2 � 10�4 8.5 1.0 � 10�3 1.45

q: density.
nD: refractive index.
Bij: the fitting parameters of equation (1).
s: standard deviation between experimental and calculated values.
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Z ¼
Xp

i¼0

Xq

j¼0

BijT
j

 !
xi

1

 !
; ð1Þ

where Z is the density or refraction index of the mixture, x1 is the 
mole fraction of the solvent , p and q are the polynomial degrees,
Bij are the fitting parameter s, and T is the absolut e temperatur e.

The excess molar volumes (VE) and deviations in the refraction 
index (dnD) were calculated from experimental values as follows:

VE ¼
XN

i¼1

xiMi
1
q
� 1

qi

� �
; ð2Þ

dnD ¼ nD �
XN

i¼1

xinDi; ð3Þ

where N is the number of compoun ds in the mixture; xi is mole frac- 
tion; Mi denotes molar mass; qi is the density of the pure compound 
i; q is the density of the mixture; nD and nDi are the refraction index 
of the mixture and the refraction index of the pure component s,
respective ly. These derived properti es were fitted to a Redlich –
Kister-typ e equation:

Q 12 ¼ x1x2

Xp

i¼0

Xq

j¼0

CijT
j

 !
ðx1 � x2Þi

 !
; ð4Þ

where Q12 is VE or djS and the other variable s are the same as above .
The apparent molar volume (/V ) for the binary mixtures were 

calculated by:

/V ¼ 1000
q1 � q
mq1q

� �
þM2

q1
; ð5Þ

where q is the density of the mixture; q1 is the density of the sol- 
vent; M2 is the molar mass of ionic liquid ; m is the molality of
the solution . These derived values were correlat ed as a function of
temperatu re and mole fraction by equation (1).

The thermal expansion coefficient (aP) shows the temperature 
dependence of volume, and it is defined as:

aP ¼
1
V

@V
@T

� �
P
¼ � @ ln q

@T

� �
P
: ð6Þ
3.2. Vapor–liquid equilibria 

The most common method used for the correlation of phase 
equilibria in mixtures at high and low pressure is the use of equa- 
tions of state (EoS). The most common and industria lly important 
EoS are the cubic equations derived from van der Waals EoS;
among these, the Peng–Robinson EoS [17] has proven to combine 
the simplicity and accuracy required for the predictio n and corre- 
lation of volumetric and thermodyna mic properties of fluids,
although there can be problems when applying the PR EoS to sys- 
tems near the critical point.

Recently , Alvarez and Aznar [18] applied an extension of this 
approach to several supercrit ical fluid + ionic liquid systems, using 
the Peng–Robinson equation of state coupled with the Wong–San-
dler mixing rule [19] using the UNIQUAC model [20] for GE. This 
model used three adjustab le parameters.

By using the Wong–Sandler mixing rule, any cubic EoS can be
made predictive for mixtures, i.e., without the need of any adjust- 
able binary interactio n parameter, when a predictive model for GE

is used. For example, GE can be determined from the COSMO-SAC 
model [21], in which the activity coefficient ci of species i is calcu- 
lated from the sum of the residual and combinatori al
contributi ons:

ln ci ¼ ln cres 
i þ ln ccom 

i : ð7Þ

The residual part is calculated from a consideration of molecu- 
lar solvation in a perfect conductor. The distribution of screening 
charges on the molecular surface, called the sigma profile, p(r), is
first determined from quantum mechanical calculations . The 
molecula r interactions in the liquid phase are assumed to be the 
sum of contributions of surface segment interactio ns through the 
screening charges. With these assumptions , the residual term takes 
the following form:

ln cres 
i ¼ ni

X
rm

piðrmÞ ln½CSðrmÞ � CiðrmÞ�; ð8Þ

where ni is the number of surface segment s contained in species i,
CS(r) is the activity coefficient of segment i (whose screening 
charge density is r) in solution S (for which the probability of find-
ing a segment of charge density r be denoted pS(r):
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ln CSðrmÞ ¼ � ln
X
rn

pSðrnÞCSðrnÞ exp
�DWðrm;rnÞ

RT

� �( )
; ð9Þ

where W(rm, rn) is the electros tatic interactio n betwee n two seg- 
ments of charge density rm and rn. The Staverm an–Guggenheim 
model is used for the combina torial term:
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FIGURE 2. Density versus ester mole fraction and temperature: (a) methyl 
acetate + m-2-HEAB, (b) ethyl acetate + m-2-HEAB, (c) propyl acetate + m-2-HEAB.
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FIGURE 3. Excess molar volume versus ester mole fraction and temperature: (a)
methyl acetate + m-2-HEAB, (b) ethyl acetate + m-2-HEAB, (c) propyl acetate + m-
2-HEAB.
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where hi is the surface area fraction, Ui is the volume fraction, z is
the coordination number (z = 10), and ri and qi are the normalized 
volume and surface area paramete rs for species i.

3.3. Density predictions 

The calculation of the molar volume of the mixture at a specific
temperature and pressure can be predicted by an equation of state.
The Peng–Robinson equation of state, coupled with the Wong–San-
dler mixing rule using the predictiv e liquid activity coefficient
model COSMO-SAC was used as thermodyna mic model to predict 
the density. In the COSMO model, for each compound, the equilib- 
rium molecular geometry is first determined by minimiza tion of
the molecular energy at 0 K. The next step for COSMO-SAC calcula- 
tion is to estimate the volume of cavity (VCOSMO), the total number 
of segments (COSMO segments ), and the sigma profile of each 
compound. The calculatio ns were done using the quantum chem- 
istry package DMol3 built in Accelrys Materials Studio v4.3 [22].
The sigma profile, p(r), is a file containing the probabili ty of finding
a surface segment with screening charge density, r. The detailed 
settings for DMol3 can be found elsewhere [23] and, for the molec- 
ular description of the ionic liquid, the ion-pair approach [24] is
used. The sigma profile of ionic liquids has been obtained for the 
molecule as a whole. The activity coefficient is then calculated 
[23]. The Peng–Robinson equation can be written in terms of the 
compressib ility factor (Z) by:

Z3 � ð1� BÞZ2 þ ðA� 3B2 � 2BÞZ � ðAB� B2 � B3Þ ¼ 0; ð13Þ

where A and B are given by:

A ¼ amP

ðRTÞ2
; ð14Þ

B ¼ bmP
RT

; ð15Þ

where the constants am and bm are expressed by mixing rules as
functions of the concentrati on of the differen t component s in the 
mixture. In this work, the Wong –Sandler mixing rules are used:

bm ¼
P

i

P
jxixjðb� a

RT Þij
1�

P
i

xiaii
biiRT �

AE
1

XRT

; ð16Þ

am ¼ bm

X
i

xiaii

bii
þ AE

1
X

" #
; ð17Þ

b� a
RT

� �
ij
¼ ðbii þ bjjÞ

2
� ð1� kijÞ

ffiffiffiffiffiffiffiffiffiffi
aiiajj
p

RT
: ð18Þ

In these equations, kij is the adjustable interaction parameter,
X = ln(21/2–1)/21/2 for the PR EoS, and AE

1, the excess Helmhol tz en- 
ergy at the limit of infinite pressure , is calculated using the COS- 
MO-SAC activity coefficient model, while aii and bii are the EoS 
constants, defined as

aii ¼ 0:457235ðRTc=PcÞ2½1þ Fð1� T0:5
r Þ�;

F ¼ 0:37464þ 1:54226x� 0:26992x2; ð19Þ

bii ¼ 0:077796ðRTc=PcÞ; ð20Þ

where Tr is the reduced temperat ure, Tc is the critical temperat ure,
Pc is the critical pressure, and x is the Pitzer acentric factor.

Equation (13) yields one or three real roots, depending on the 
number of phases in the system. It was shown that this model pro- 
vides an excellent representat ion of the vapor–liquid experimental 
data [18]. For the predictio n of the liquid density, the root of
interest is the smallest positive one. An equation of state does 
not necessarily yield the accurate volumetric behavior of fluids
and their mixtures. Therefore, a correction of the volume transla- 
tion can be adopted in the equation of state, to improve the volu- 
metric behavior [25,26]. This correction is calculated as an ideal 
solution and assumed to be a good approximat ion for real solu- 
tions. This property may be exploited to improve the volume esti- 
mations made by the Peng–Robinson equation of state. Then, the 
correctio n value for each pure component (Dvi) is given by the dif- 
ference between the volume calculated by the thermodynam ic
model and the experime ntal volume:

Dv i ¼ Vi;exp � Vi;cal; ð21Þ

where Vi,cal is the molar volume of the compound i calculated by the 
thermo dynamic model, and Vi,exp is the experime ntal molar volume 
of the compound i. Then, the volume of the mixture is obtained 
using the correction of the volume applied by

V ¼ V cal þ
X

i

Dv ixi; ð22Þ

where xi is the liquid molar fraction of the pure compoun d i, Vcal is
the liquid molar volume of the mixture calculate d with the thermo -
dynamic model, and V is the predicted corrected molar volume of
the mixture.

3.4. Computati on details 

The vapor–liquid equilibrium (VLE) phase diagrams of three 
binary mixtures covering a wide range of temperat ure (313.15–
403.15) K at 101 kPa are examined. The chosen systems have 
strong interactions between the species (esters and ionic liquid).

For each system, the VLE phase diagram is predicted by using 
the Peng–Robinson EoS with the Wong–Sandler/COSMO-S AC mix- 
ing rule. For a given liquid phase compositi on, the bubble point 
pressure calculation, as detailed by Michelsen and Mollerup [27],
is performed to obtain the system pressure and the vapor phase 
compositi ons. In order to make the models predictive, the binary 
interactio n parameters kij in the combinin g rules are set to zero.

For each compound, the equilibriu m molecular geometry is first
determined by minimiza tion of the molecular energy at 0 K using 
the quantum chemistry package DMol3 implemented in Accelrys 
Materials Studio v4.3 [22]. A solvation calculatio n in a perfect con- 
ductor is then performed using the equilibrium geometry to obtain 
the surface screening charges on the compound. The detailed 
settings for DMol3 can be found elsewhere [21]. The activity 
coefficient is then calculated from the procedure above using an
in-house program. Note that, for each species, the quantum 
mechanical part of this calculation, which may be time consuming,
only has to be done once, regardless of the temperature and the 
compositi on of mixture needed. The absolute average error in pres- 
sure and vapor phase compositi on from the calculation is deter- 
mined as:

jDPj% ¼ 100
N

XN

i¼1

jPcal
i � Pexp

i j
Pexp

i

; ð23Þ

where N is the number of data point, superscrip ts exp and cal denote
the values from experime nt and our calculatio n, respective ly.
4. Parameter estimation 

In this work, the first approximat ion paramete r estimation was 
performed using a genetic algorithm code, mMyGA [28] using a
whole interval search. After that, the fitting paramete rs were best 
tuned using a non-linear optimization algorithm based on the 
Marquard t algorithm. The optimization used the minimizatio n of
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TABLE 5
Fitting parameters and root mean square deviations for excess molar volume and deviat ions of refraction index of binary mixtures by equation (4).

Methyl acetate + m-2-HEAB Ethyl acetate + m-2-HEAB Propyl aceate + m-2-HEAB 

VE/(cm3 �mol�1) dnD VE/(cm3 �mol�1) dnD VE/(cm3 �mol�1) dnD

C00 3.522E�01 8.358E �02 �1.410E+00 5.932E �02 5.642E+00 4.207E �02
C01 �2.220E�03 �4.827E�04 �3.047E�02
C10 2.263E+01 2.046E �02 1.990E+01 3.731E �04 8.886E+00 �2.466E�03
C11 �1.023E�01 �7.116E�02 �3.082E�02
C20 1.655E+01 �3.952E�02 3.372E+01 2.424E �02 �2.587E+01 2.265E �02
C21 �5.146E�03 �7.384E�02 1.431E �01
C30 �1.615E+02 �2.684E�02 �2.016E+02 5.451E �03 �1.027E+02 4.328E �02
C31 5.991E�01 6.189E �01 2.362E �01
C40 4.460E+01 1.754E �01 �4.874E+01 �2.229E�02 5.698E+01 �5.188E�02
C41 �2.512E�01 6.217E �02 �3.290E�01
C50 2.592E+02 2.583E �02 4.773E+02 �2.330E�02 2.363E+02 �5.718E�02
C51 �9.653E�01 �1.406E+00 �5.372E�01
C60 �1.085E+02 �1.643E�01 1.173E+01 1.010E �02 �3.227E+01 5.576E �02
C61 4.374E�01 8.512E �02 2.633E �01
C70 �9.517E+01 �3.437E+02 �1.879E+02
C71 3.788E�01 9.433E �01 3.963E �01

s 3.6 � 10�2 3.7 � 10�4 2.6 � 10�2 4.0 � 10�4 2.9 � 10�2 1.4 � 10�4

VE: excess molar volumes.
dnD: changes of refractive index.
Cij: the fitting parameters of equation (4).
s: standard deviation between experimental and calculated values.

TABLE 6
Fitting parameters and standard deviations for apparent molar volume of binary mixtures by equation (1).

Methyl acetate + m�2-HEAB Ethyl acetate + m-2-HEAB Propyl acetate + m-2-HEAB 
/V (cm3 �mol�1) /V (cm3 �mol�1) /V (cm3 �mol�1)

B00 9.8281E+01 1.0224E+02 1.0922E+02 
B01 2.6069E�01 2.6788E �01 2.5270E �01
B10 1.3203E+01 2.0294E+01 2.2280E+01 
B11 �6.2383E�02 �1.0195E�01 �1.1837E�01
B20 1.2451E+01 �2.4410E+00 �1.2352E+01
B21 �8.4847E�02 �4.3543E�02 �1.9032E�02

s 0.1 0.1 0.2 

/V : apparent molar volume.
Bij: the fitting parameters of equation (1).
s: standard deviation between experimental and calculated values.

136 V.H. Alvarez et al. / J. Chem. Thermodynamics 62 (2013) 130–141



V.H. Alvarez et al. / J. Chem. Thermodynamics 62 (2013) 130–141 137
the standard deviation (s) between experimental and calculated 
values, defined as:
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FIGURE 5. Apparent molar volume versus ester mole fraction and temperature: (a)
methyl acetate + m-2-HEAB, (b) ethyl acetate + m-2-HEAB, (c) propyl acetate + m-
2-HEAB.
s ¼
XN

i¼1

ðFexp � FcalÞ2i
N �m

" #1=2

; ð24Þ

where N is the number of experime ntal points, m is the number of
paramete rs in the curve fit, and Fcal and Fexp are the values of the 
property calculate d by the model and obtained experimenta lly,
respective ly.
5. Results and discussion 

The m-2-HEAB was synthesized and the 1D hydrogen spectrum 
was similar to that presente d by Alvarez et al. [12], as can be seen 
in figure 1. The m-2-HEAB shows complete solubility in water,
methano l and ethanol, and it is not soluble in some alkanes such 
as n-octane and n-dodecane. The humidity of the ionic liquid 
was determined by using a Mettler Toledo DL31 Karl Fischer titra- 
tor and shows moisture less than 900 ± 50 ppm of H2O.

The m-2-HEAB ionic liquid shows complete solubility in methyl 
acetate, in ethyl acetate, and in propyl acetate from 288.15, 303.15,
and 308.15 K, respectively . These data established the lower tem- 
perature where the liquids were miscible and thus where the ex- 
cess propertie s could be determined.

5.1. Volumetr ic and optical properties 

Densities and excess molar volumes of the binary mixtures 
methyl acetate (1) + m-2-HEAB (2), ethyl acetate (1) + m-2-HEAB 
(2) and propyl acetate (1) + m-2-HEAB (2) at 298.15 K and refrac- 
tion indices and deviations in the refraction indices at atmospheric 
pressure are listed in tables 2 and 3. The complete data are pre- 
sented in the Supplement ary data . Table 4 contains the fitting
paramete rs for density and refraction index by equation (1). Figure
2 shows density as a function of composition and temperature .
This figure shows a similar behavior for the three binary mixtures.
The increase of density is obtained by a decrease of temperat ure 
and an increase of ionic liquid composition. In all figures, the open 
points are the experimental data and the lines are the results for 
the model fitting.

Figures 3 and 4 show the experimental excess molar volume 
and deviations in the refraction index, respectively , as well as the 
fitted curves for binary mixtures ester + m-2-HEAB. Table 5 con-
tains the fitting parameters for these properties. In figure 3a we
can observe that the excess molar volumes show a minimum at
x1 = 0.6 for the methyl acetate + m-2-HEAB system and x1 = 0.5 
for the other two systems; besides, the methyl acetate + m-2-HEAB 
system presents a maximum at x1 = 0.25 and x1 = 0.1 for the other 
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FIGURE 6. Apparent molar volume at ionic liquid infinite dilution versus temper- 
ature: methyl acetate (s), ethyl acetate (h) and propyl acetate (D).
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FIGURE 7. Thermal expansion coefficient versus ester mole fraction and temper- 
ature: (a) methyl acetate + m-2-HEAB, (b) ethyl acetate + m-2-HEAB, (c) propyl 
acetate + m-2-HEAB.
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two systems. The minimum VE could be due to hydrogen bonds 
between ester and ionic liquid. At higher concentratio ns of ester,
in the methyl acetate + m-2-HEAB system we can observe a maxi- 
mum that can be due to the dissociat ion of the ions in the ionic li- 
quid. In the same way, low concentration of the ester breaks the 
self-associa te ionic liquid to build a positive VE. Also, a continuous 
addition of ester in the ionic liquid structure results in considerable 
decrease in the excess molar propertie s to more negative values to
build association ionic liquid-ester, showing the polar effect of the 
molecules. In other cases, the increase of the alkyl chain in the es- 
ter results in an increase of the excess molar propertie s, showing 
the ability of the alkyl chain to fill the holes of the new structure 
ionic liquid-ester .

In figure 4, the refraction index deviations are positive values 
for the three systems, and the maximum lies at a mole fraction 
of approximat ely 0.6 for the methyl acetate + m-2-HEAB system 
and at 0.5 for the other two systems. According to Nakata and Sak- 
urai [29], the sign of dnD is opposite to that of VE if the behavior of
the refraction index is not too non-linear between nD1 and nD2. In
our mixtures this rule is truly fulfilled in all the cases.

The apparent molar volume data are given in the Supplemen-
tary data . Table 6 contains the fitting parameters for this property .
Figure 5 shows that the apparent molar volume, /V , rises rapidly at
low concentrations (below 30 mol � kg�1), while at higher concen- 
trations is almost constant (all three mixtures shown the same 
trend). Also, in the figures the properties increase with tempera- 
ture at all concentratio ns.

The values for apparent molar volumes at infinite dilution /0
V

were obtained by extrapolati on at ionic liquid infinite dilution 
(x1 ? 1), based on Equation (1). The values of /0

V for several tem- 
perature s are shown in figure 6. This figure shows that the appar- 
ent molar volume at infinite dilution for the methyl acetate 
mixture is greater than for the other mixtures and increases with 
the increasing of temperat ure.

The values for the thermal expansion coefficient are shown in
the Supplement ary data and the behavior is shown in figure 7.
The value deduced for aP is particular ly sensitive to the type of
mathemati cal function used to fit the density data. The fit can be
done with a linear function; however, subtle effects stem from 
the non-linear behavior of most fluids, and therefore a piece of
informat ion may be lost. In these figures, the ionic liquid shows 
a stable value of thermal expansion coefficient with the increase 
of temperat ure, a different behavior for the binary mixtures and es- 
ters solvents. For the binary mixtures, the thermal expansion coef- 
ficient increases with the rise of the temperature and 
concentr ation of the ester. This behavior shows a very polar attrac- 
tion among the high ordering molecules of the ionic liquid.

5.2. Density prediction s

Figure 8 compare s the r-profile for m-2-HEAB, methyl acetate,
ethyl acetate, and propyl acetate compounds . The r-profile of these 
compound s can be qualitatively divided in three main regions,
which are separated in figure 8 by two vertical lines located at
the cutoff values for the hydrogen bond donor (rHB < -
�0.0084 e � Å�2) and acceptor (rHB > 0.0084 e � Å�2) group [21].
For m-2-HEAB, the r-profile reveals to be broad such as the r-pro-
files of the hydroxyli c solvents. Also, the r-profile of this ionic li- 
quid is dominated by a huge peak of slightly negative screening 
charge density at r = �0.003, which is due to polarization of –
CH2– groups by the ammoniu m-hydrogen, hydroxyl-hydroge n
and oxygen atoms. The two peaks about 0.009 and 0.012 corre- 
sponds to the negatively charged –COO� and lone pairs of the oxy- 
gen in the –OH groups, respectivel y. Considering the high-polarit y
region rHB > 0.0084 e � Å�2, these groups can be considered as
hydrogen -bond acceptor groups [21,24]. On the left hand side of
the histogram, it can be observed two low peaks at values lower 
than the cutoff �0.0084 e � Å�2, which are affected by the alkyl 
chain. These peaks are related to the ammoniu m-hydrogen and hy- 
droxyl-hy drogen; they may contribute to hydrogen bonds as do- 
nors. Finally, the distribution of the charge densities around zero 
(�0.0084 e � Å�2 < r < 0.0084 e � Å�2) correspond s to the non-pola r
alkyl groups of the cation, being those for positive and negative 
signs assigned to carbon and hydrogen atoms, respectively. Figure 8
shows that the higher number of carbon atoms in alkyl chain im- 
plies the increasing of the area below each histogram of charge 
densities around the non-polar area (water < methanol < etha- 
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TABLE 7
Properties used in the modeling.

Compound MM Tc (K) Pc
(MPa)

x COSMOc

segments 
VCOSMO

(Å3)c

Methyl acetate a 74.08 506.55 4.75 0.33126 459 97.0419 
Ethyl acetate a 88.11 523.30 3.88 0.36641 571 117.9393 
Propyl acetate a 102.13 549.73 3.36 0.38890 676 139.8076 
m-2-HEAB b 163.21 760.26 2.69 1.04756 969 225.8936 

a Reference [30].
b Reference [31].
c This work.
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nol < m-2-HEAB). In this way, the r-profile with high values at
r = 0 show more repulsive interactio ns between polar and non-po- 
lar segments, affecting the cohesive properties of the molecule. The 
same idea can be applied to mixtures of compounds with very dif- 
ferent r-profiles, i.e., the binary mixture water + m-2-HEAB is the 
more non ideal system studied here. Interestingly, high deviations 
of the predicted density can be observed for the aqueous systems 
at high concentrations of m-2-HEAB, as showed in figure 9. The 
thermod ynamic model was used with the value of the interaction 
paramete rs set as zero. The physical properties used in the model 
for all substances are reported in table 7. The predictiv e results 
show percentage relative deviations for the mixtures of m-2-HEAB 
with water, methanol and ethanol as 0.8%, 1.0%, and 1.0%, respec- 
tively. This suggests that r-profile is an adequate a priori parame- 
ter to characterize quantitatively the non-idea lity of volumetric 
behavior.
5.3. VLE data 

In order to validate the technique, experime ntal VLE data for the 
system ethanol (1) + 1-ethyl-3-methy limidazolium ethylsulfate ,
[emim] [EtSO 4] (2) were determined and compared with published 
data by Calvar et al. [32]. This comparison is shown in figure 10.
From the results in this figure, the experimental technique can 
be considered as validated and can be used to determine the new 
experime ntal data involving m-2-HEAB. The same equipment and 
techniqu e was used in a previous work [33] to obtain VLE data 
for the binary mixtures [emim] [EtSO 4] + (propionaldehyde or
valeraldehyd e).

Vapor–liquid equilibrium for the binary systems ester (1) + m-
2-HEAB (2) has been determined at 101.3 kPa and the results are 



TABLE 8
Vapor liquid equilibria at 101.3 kPa for the binary mixtures.

Methyl acetate + m-2-HEAB Ethyl acetate + m-2-HEAB Propyl acetate + m-2-HEAB 

x1 T (K) x1 T (K) x1 T (K)

1.0000 330.1 1.0000 349.8 1.0000 374.0 
0.9746 330.2 0.9612 350.0 0.9575 374.4 
0.9004 331.1 0.8956 350.3 0.9283 374.6 
0.7753 332.0 0.8294 351.2 0.8944 374.8 
0.6889 333.1 0.8188 351.4 0.8446 375.7 
0.6174 334.6 0.7904 351.4 0.7410 377.1 
0.6137 334.9 0.7576 351.9 0.7207 376.7 
0.5399 337.8 0.7312 352.2 0.7153 377.5 
0.4938 342.2 0.6925 353.0 0.6922 378.2 
0.4872 342.6 0.6824 353.9 0.6616 378.6 
0.4798 343.6 0.6581 353.3 0.6423 379.2 
0.4696 344.2 0.6419 354.2 0.6289 379.7 

0.6248 354.7 0.6171 380.4 
0.5867 355.3 0.5827 381.6 
0.5807 355.9 0.5548 382.9 
0.5718 357.0 0.5482 383.7 
0.5363 358.3 0.5333 383.3 
0.4995 361.9 0.5121 385.3 
0.4974 361.0 0.4579 389.2 
0.4915 363.4 0.4253 391.3 
0.4558 368.2 0.4040 394.8 
0.4554 365.5 0.4106 393.7 
0.4471 367.3 0.3803 396.8 
0.4339 370.8 0.3653 398.4 
0.4190 371.6 0.3502 400.3 
0.4162 372.7 
0.3938 374.7 
0.3780 376.3 
0.3663 378.8 
0.3439 379.6 
0.3423 380.2 

Standard uncertainties u are u(x) = 0.0008 and u(T) = 0.01 K.
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HEAB (2), (h) ethyl acetate (1) + m-2-HEAB (2), (D) propyl acetate (1) + m-2-HEAB 
(2), and predicted values (solid lines).
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summarized in table 8. The experimental data and predicted re- 
sults for the systems are shown in figure 11 and the percentage 
average relative deviation s for the mixtures of [emim][EtSO 4] with 
methyl acetate, ethyl acetate and propyl acetate are 2.5%, 1.9% and 
1.9%, respectively . The representat ion of the phase behavior has a
good trend and the pure vapor phase is correctly predicted for all 
mixtures.
6. Conclusions 

Density and refraction index of binary mixtures ester (methyl
acetate or ethyl acetate or propyl acetate) + N-methyl-2 -hydroxye- 
thylammon ium butyrate (m-2-HEAB) have been measured at
atmosph eric pressure . Other propertie s, such as excess molar vol- 
ume and deviations in the refraction index were also calculated .
The values of VE are negative at high concentrations of ester and 
positive in the opposite case.

The densities for methyl acetate + m-2-HEAB, ethyl acetate + m-
2-HEAB and propyl acetate + m-2-HEAB binary systems have been 
predicted using the Peng–Robinson equation of state coupled with 
the Wong–Sandler mixing rule using the COSMO-SAC activity coef- 
ficient model. COSMO-SAC is also revealed as a valuable computa- 
tional tool to describe the intermolecu lar interaction of systems 
containing m-2-HEAB. In addition, the r-profile is suggested as a
simple molecula r parameter to characterize the non ideality of
the mixtures respect to volumetr ic properties.

The vapor–liquid equilibriu m of binary systems ester (methyl
acetate, ethyl acetate or propyl acetate) + N-methyl-2 -hydroxye- 
thylammon ium butyrate at 101.3 kPa was measured by a dynamic 
method. The experimental density and VLE data were also 
predicted by using the Peng–Robinson equation of state with the 
Wong–Sandler mixing rule and the COSMO-S AC model. The predic- 
tion results for density are reliable, with deviations <1%, while for 
the VLE they are only reliable for a qualitative description.
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Appendix A. Supplemen tary data 

Supplement ary data associated with this article can be found, in
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