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a b s t r a c t

The alkanolammonium ILs are protic ionic liquids (PILs) with huge potential in a variety of industrial
fields. Among other advantages, these PILs have low cost of preparation, simple synthesis and purification
methodologies and low toxicity. This study aims at obtaining significant data on the fundamental ther-
mophysical properties of hydroxyethylammonium-based PILs with carboxylate anions. The density
was measured within the temperature and pressure intervals (298.15–343.15) K and (0.1–35.0) MPa
for 2-hydroxyethylammonium propionate, [2-HEA][Pr]. The speed of sound was determined in the ranges
(303.15–353.15) K and (0.1–20.0) MPa for the same substance. The estimated combined standard uncer-
tainties are ±0.45 kg�m�3 for density and ±1.6 m�s�1 for speed of sound. The experimental pVT data were
fitted using the Goharshadi–Morsali-Abbaspour equation of state (GMA EoS) with average relative abso-
lute deviation (%AARD) of 0.03%. Thermomechanical coefficients as the thermal expansivity, isothermal
compressibility, and internal pressure, were calculated using GMA EoS with the internal pressure being
further compared with calculated values of cohesive energy density. The experimental pVT data were fur-
ther successfully described by the predictive methods of Gardas and Coutinho and Paduszyńki and
Domańska.

� 2018 Elsevier Ltd.
1. Introduction

Ionic liquids (ILs) are salts with melting points below 100 �C,
which can be divided into two main families, viz. aprotic ionic liq-
uids (AILs) and protic ionic liquids (PILs). The PILs are synthesized
by a proton transfer on stoichiometric acid-base Brønsted reaction.
Compared to AILs, the main difference is the presence of at least a
proton in PILs which is/are able to promote extensive hydrogen
bonding [1]. Their protic nature boosted their increasing interest,
by academia, as feasible candidates for a number of applications,
including biological applications [2], organic synthesis [3–5], chro-
matography [6], as electrolytes for polymer membrane fuel cells
[7], as reactants in biodiesel production [8], and as propellant or
explosives [9,10]. Experimental studies for thermophysical proper-
ties of ILs have been reported for imidazolium-, pyridinium- and
for some ammonium-based ILs, which are based in primary
ammine cations of the form R4N (R is an alkyl group). The alka-
nolammonium ILs are protic ionic liquids with a huge potential
in a variety of industrial fields. Alkanolamines soaps, PILs formed
by the reaction between an alkanolammonium and fatty acids,
are currently used in the formulation of industrial and hand-
cleaners, cosmetic creams, aerosols and shave foams due to their
emulsifier, and detergent ability in oil-in-water emulsions [11–
14]. The monoethanolamine oleate is widely used in the pharma-
ceutical industry as sclerosant agent [15–18]. Among other advan-
tages, alkanolammonium PILs have low cost of preparation, and
they are of simple synthesis and purification [19,20] as well as of
low toxicity compared with other ILs [21,22]. Despite the well rec-
ognized fundamental and practical significance, their fundamental
thermophysical properties are either scarce or absent. The density
and the viscosity were measured by Kurnia et al. [19] for hydrox-
yethylammonium and bis-(hydroxyethyl)ammonium cations with
acetate and lactate anions. The only study of the hydroxyethylam-
monium propionate density was made at atmospheric pressure by
Kurnia et al. [23]. Iglesias et al. [20] further evaluated the speed of
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Table 1
Chemical structure, compound description, CAS Number, molecular weight, water
mass fraction content, mass fraction purity and supplier of the studied compounds.
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sound and electrical conductivity, at atmospheric pressure, for the
2-hydroxyethylammonium, bis(2-hydroxyethyl)ammonium, and
tris(2-hydroxyethyl)ammonium cations with the pentanoate
anion. Experimental data on density, viscosity, speed of sound
and refractive index as well as IR and NMR spectra were reported
by Alvarez et al. [24] for the N-methyl-2-hydroxyethylammonium
cation with various carboxylates (formate, acetate, propionate,
butyrate, isobutyrate and pentanoate). Pinkert et al. [25], pre-
sented density, viscosity and electrical conductivity data for the
2-hydroxyethylammonium, 3-hydroxypropylammonium, bis(2-
hydroxyethyl)ammonium, and tris(2-hydroxyethyl)ammonium
cations combined with formate, acetate and malonate anions.

This study aims at obtaining significant data, on a wide temper-
ature and pressure ranges, for the density and the speed of sound
of 2-hydroxyethylammonium propionate [2-HEA][Pr], following
previous work on ethanolammonium-based PILs with common
cation N-methyl-2-hydroxyethylammonium [m-2-HEA] and
anions propionate [Pr], butanoate [Bu] and pentanoate [Pe], [26–
28]. The density and its pressure-temperature dependency (pVT
behaviour) can be considered as fundamental data for developing
equations of state, which are one of the main tools used for ther-
mophysical properties prediction for process design purposes,
and solution theories of ILs. Moreover the derived properties from
density as the thermomechanical coefficients (thermal expansivity,
isothermal compressibility, and internal pressure) provide useful
information on IL structure and molecular interactions. The volu-
metric behaviour of ILs are described here in terms of the Gohar
shadi–Morsali–Abbaspour equation of state (GMA EoS), which
has been developed and found to be valid for polar, non-polar,
and H-bonded fluids [29]. The experimental pVT data of the PILs
were successfully described by the predictive methods of Gardas
and Coutinho [30] and Paduszyńki and Domańska [31].

The speed of sound for ILs is, compared to density, a forgotten
property. From 2010, the IL Thermo database [32] records 242
ILs studied, distributed by imidazolium (51%), pyridinium (16%),
pyrrolidinium (9%), ammonium (22%) and phosphonium (2%).
The hydroxyethylammoniums contribute with 5% (23% of the
ammoniums studied). The speed of sound has been reported for
the methylhydroxyethylammonium [24] and 2-
hydroxyethylammonium with carboxylate anions only by Iglesias
and co-workers [20,33,34]. To our knowledge the speed of sound
of 2-hydroxyethylammonium propionate is here reported for the
first time. The predictive model for speed of sound, based on a cor-
responding states group contribution method, proposed by Wu
et al. [35] is here evaluated.
Properties of the materials used in the study.Chemical samples description.

Compound Chemical structure

Ethanolamine
(CAS: 141-43-5; Mw = 61.08
gmol�1; wt% � 98%a) acquired
from Sigma-Aldrich

Propanoic Acid
(CAS:79-09-4; Mw = 74.08
gmol�1; wt% � 98%a) acquired
from Sigma-Aldrich

Water
(CAS: 7732-18-5; Mw = 18.02
gmol�1; wt% � 98%a) obtained
from Milli-Q

Toluene
(CAS:108-88-3; Mw = 92.14
gmol�1; wt% � 99.999%a)
acquired from Fisher Scientific

2-hydroxyethylammonium
propionate ([2-HEA][Pr])
(Mw = 135.16 gmol�1; H2O wt
< 100 ppm; wt% � 98%b)

a As reported by the supplier.
b After moderate temperature and vacuum procedure.
2. Experimental

2.1. Chemicals

The 2-hydroxyethylammonium propionate, [2-HEA][Pr], was
prepared from stoichiometric quantities of the ethanolamine with
propanoic acid using the methodology described in detail by
Talavera-Prieto et al. [26]. The PIL was dried under vacuum
(1 Pa) and the distilled, water and volatile-rich was discarded.
Thereafter, it was distilled under high vacuum (ca. 100 Pa) and
the purity of the distillate checked by 1H NMR and 13C NMR using
dimethylsulfoxide (DMSO) as a solvent (see Figs. S1 and S2 in
Supporting Information). The NMR spectra, and the peak
integration, show clearly the correct stoichiometry and the high
purity of the synthesized compound. Note that only the 1H NMR
is quantitative and thus, usefull to evaluate the compound’s purity;
the purity was found to be greater than 98% with water content
lower than 100 ppm. The IL water content was determined with
a Metrohm 831 Karl Fisher.
The chemical structure, compound description, CAS number,
water mass fraction designation, mass fraction purity and supplier,
of the IL and calibration liquids are reported in Table 1. The water
used was HPLC (high performance Liquid Chromatography/Schar-
lau) (indicated by its electrical conductivity of 1 lS�cm�). The
toluene used was of analytical quality, also to mass fraction purity,
0.9999 (w/w).
2.2. Measurements

The experimental densities, q, were measured using the Anton
Paar DMA 60 digital vibrating-tube densimeter, with a DMA 512P
measuring cell, within the temperature range of 298.15–343.15 K
and pressure interval (0.1–35.0) MPa. The installation of the DMA
measurement system including the peripheral equipment was
described in detail in a previous work [26]. The temperature in
the vibrating-tube cell was measured with a platinum resistance
probe with an uncertainty of ±0.01 K. The probe was previously
calibrated in the (273.15–373.15) K temperature range against a
platinum resistance thermometer ERTCOEutechnics High Precision
Digital Thermometer certified in the ITS90. A Julabo P-5 thermo-
static bath, with silicone oil as circulating fluid, was used in the
thermostat circuit of the measuring cell with a stability and accu-
racy of 0.01 K. The required pressure was generated and controlled
with a Pressure Generator model 50-6-15 High Pressure Co. Pres-
sure was measured with a pressure transducer (Wika Transmitter
S-10) with a maximum uncertainty of ±0.03 MPa. A NI PCI-6220
data acquisition board (DAQ), from National Instruments, was used
for the real-time registration of the period, temperature, and pres-
sure values. Temperature (NI SCC-FT01) and pressure (NI SCC-
CI20) modules were installed in a NI SC-2345 shielded carrier
and connected to the DAQ board in order to monitor the signals.
Water and toluene were used as reference fluids to fit the calibra-
tion equation proposed by Lampreia and Nieto de Castro [36]. The
combined standard uncertainty of the density measurements was
found to be uc(q) = ±0.45 kg�m�3, which was estimated taking
into account the influence of uncertainties associated with the
calibration equation, temperature, period of oscillations (six-digit
frequency counter), viscosity, and density data of calibrating
fluids. The combined expanded uncertainty with a 95%
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confidence level (coverage factor k = 2) was estimated to be
Uc(q) = 0.90 kg�m�3.

A stainless steel cell designed for liquid speed of sound, u, mea-
surements was used and is fully described in a previous study [37].
The instrumentation and procedure used in this work were revised
according to the schematic representation shown in Fig. 1.

Two 5 MHz ultrasonic transducers (one acting as an emitter and
the other as a receiver) were mounted in cavities drilled on a stain-
less steel block. The ultrasound wave, corresponding to the path
between the transmitter and receiver, was collected by a NI-PCI
data acquisition board and recorded by means of a computer pro-
gram. The developed Labview program allows an easy wave prop-
agation time calculation, in the liquid, which is obtained
subtracting the time that the acoustical wave takes to travel
between the emitter and receiver from the propagation time in
the cell steel walls.

The system temperature was controlled, by means of a flexible
silicone resistance cable wrapped around the cell, using an elec-
tronic thermostat (Red Line Series RD31) whose temperature probe
is inserted in the resistance coil. The experimental setup was
placed in a thermal insulation glove box, to avoid heat losses,
and is able to maintain the temperature within ca. ± 0.1 K. The
temperature was measured using an external digital thermometer
by isothermal Technology (ISOTECH TTI-10), with a precision of
0.01 K, placed directly in a cavity of the cell and close to the sam-
ple. The pressure was measured using a manometer by Keller
(Mano 2000 LEO 2), with an accuracy of ±0.02 MPa.

The cell was calibrated by measuring the speed of sound in
water [38] and toluene [38], for the overall temperature and pres-
sure ranges (298.15–348.15) K, and (0.1–20) MPa using a total of
Fig. 1. Schematic apparatus – 1: High pressure valves; 2: ultrasound cell; 3: signal gen
generator (model 50-6-15, High Pressure Co); 8: pressure transducer (Keller, Mano 200

Table 2
Calibration constants Ci of Eq. (1) fitted to experimental speed of sound of water and tolu

Parameter Value

C1/s m�1 �0.00324269
C2/s m�1K�1 2.02098 � 10�5

C3/s m�1K�2 �3.19176 � 10�8

C4/s m�1MPa�1 1.48993 � 10�4

C5/s m�1K�1MPa�1 �9.52215 � 10�7

C6/s m�1K�2MPa�1 1.52256 � 10�9

r1/u/s m�1 2.717 � 10�7

r2 1.0000
156 data points. The following calibration equation, from Gomes
de Azevedo and co-workers’ work [39], was adopted as the calibra-
tion curve:

1
u
¼ C1 þ C2T þ C3T

2 þ ðC4 þ C5T þ C6T
2Þp

þ C7 þ C8T þ C9T
2 þ ðC10 þ C11T þ C12T

2Þp
h i

Dt ð1Þ

where C1–C12 are calibration constants, p is the pressure (MPa) and
Dt (ls) is the wave propagation time in the IL. The values of calibra-
tion constants and statistical indicators of calibration Eq. (1) are
listed in Table 2. Eq. (1) gives a very good representation of the
calibrants (u,T,p) speed of sound data as shown by the very low
standard deviation relative to speed of sound (ru) and average abso-
lute relative deviation (%AARDu). These quantities were defined as:

ru ¼
XN
i¼1

ðucal � uÞ2i =ðN � 12Þ
" #1=2

ð2Þ

%AARDu ¼ 100
N

�
XN
i¼1

ucalc � u
u

��� ���
i

ð3Þ

where N is the number of data points, ucalc is the calculated value of
speed of sound with Eq. (1) and u is the reported experimental value
at the same temperature (and pressure) of corresponding point i.
The application of the law of propagation of uncertainty to Eq. (1),
taking in consideration the temperature, pressure, and the
calibrating fluids speed of sound uncertainties, allows to determine
the speed of sound combined standard uncertainty to be
uc(u) = ±1.6 m�s�1.
erator; 4: NI-PCI data acquisition board (PCIe-9852); 5: PC; 6: buffer; 7: pressure
0 LEO 2).

ene with 95% confidence limits and statistical indicators.

Parameter Value

C7/m�1 300.9724
C8/m�1K�1 �1.55832
C9/m�1K�2 2.45322 � 10�3

C10/m�1MPa�1 �11.6543
C11/m�1K�1MPa�1 7.44899 � 10�2

C12/m�1K�2MPa�1 �1.19134 � 10�4

ru/ms�1 0.63
%AARDu 0.032



Table 3
Experimental density data (q) for [2-HEA][Pr] as a function of temperature (T) and pressure (p).

p/MPa T/K q/kg m�3 T/K q/kg m�3 T/K q/kg m�3 T/K q/kg m�3 T/K q/kg m�3 T/K q/kg m�3

0.1 298.16 1121.1 303.15 1116.0 313.14 1105.3 323.10 1093.0 333.12 1079.6 343.17 1066.0
10.0 298.08 1124.9 303.09 1121.0 313.17 1110.2 323.09 1098.3 333.09 1084.9 343.19 1070.6
15.0 298.11 1127.6 303.09 1121.8 313.16 1111.3 323.14 1099.7 333.09 1087.4 343.18 1074.3
20.0 298.15 1128.2 303.10 1123.3 313.18 1113.3 323.14 1102.0 333.10 1089.7 343.17 1076.6
25.0 298.15 1129.4 303.07 1124.9 313.19 1114.8 323.10 1103.9 333.09 1091.8 343.17 1079.0
30.0 298.10 1131.1 303.03 1126.3 313.18 1116.2 323.12 1105.5 333.09 1093.9 343.17 1081.8
35.0 298.13 1132.5 303.07 1127.2 313.17 1117.8 323.14 1107.3 333.08 1096.1 343.18 1084.1

Uncertainties are: u (T) = ±0.02 K, u (p) = ±0.02 MPa and uc (q) = ±0.45 kg�m�3.

Fig. 2. Experimental density for [2-HEA][Pr]. The lines represent the fitting with
GMA EoS. D, 298.15 K; r, 303.15 K; s, 313.15 K; h, 323.15 K; e, 333.15 K; +,
343.15 K.

Fig. 3. Density as function of temperature for the [2-HEA][Pr], at atmospheric
pressure. The open symbols refer to the data reported here and the values reported
by Kurnia et al. [23].

Table 4
Parameters A0–A2, and B0–B2 of Eqs. (5) and (6), temperature and pressure ranges
(Tmin, Tmax, pmin, pmax), standard deviation (r) correlation coefficient (r2) number of
data points (N), and standard deviation on density (rq).

M/g.mol�1 135.16 pmin/MPa 0.10
A0/dm9�mol�3 30.1331934 pmax/MPa 35.0
A1/MPa�dm12�mol�4 8.00712813 r/dm9�mol�3 2.12 � 10�4

A2/MPa�dm12�mol�4K�1 �0.0177130 r2 0.994
B0/dm12�mol�4 �3.3818027 rq/kg�m�3a 0.45
B1/MPa�dm15�mol�5 �0.8984098 N 42
B2/MPa�dm15�mol�5K�1 0.00199151 %AARDq 0.03
Tmin/K 298.08
Tmax/K 343.19

a The standard deviation relative to the density is

rq ¼ PN
i¼1ðqcal � qÞ2i =ðN � 6Þ

h i1=2
with rq/(kg�m�3). N is the number of data points,

qcalc is the calculated value of density and q is the reported experimental value at
the same temperature (and pressure).
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3. Results and discussion

The density measurements for [2-HEA][Pr] have been carried
out in the broad range of temperatures T = (293.15–343.15) K
and pressures p = (0.1–35.0) MPa. Table 3 and Fig. 2 report the den-
sity behaviour as function of pressure and temperature.

A comparison against literature data reported by Kurnia et al.
[23], at temperatures in the range T = (293.15–313.15) K and at
atmospheric pressure, is presented in Fig. 3. The authors used a
digital vibrating glass U-tube densimeter (DMA 5000, Anton-
Paar), calibrated using Millipore quality water and dry air accord-
ing to the established standard procedures [23], with a combined
standard uncertainty of 3 � 10�3 kg�m�3. As depicted, the density
data of Kurnia et al. presents some significant deviations for lower
temperatures but they are crossing our values for higher tempera-
tures: the relative deviations between the two sets of data are of 1%
at 298.15 K and decrease to 0.4% at 313.15 K.

The GMA EoS was used to correlate the density data. The GMA
EoS is given as [29]:

ð2z� 1ÞV3
m ¼ AðTÞ þ BðTÞqm ð4Þ
where z, Vm, and qm are the compressibility factor, molar volume,
and molar density, respectively. Under isothermal conditions, the
quantity ð2z� 1ÞV3

m, as a function of molar density, presents a linear
behaviour and the fitting of these two quantities allows to deter-
mine A(T), through the intercept, and B(T), through the slope. The
temperature dependencies of the parameters A(T) and B(T) are
given by the equations [29]:

AðTÞ ¼ A0 � 2A1

RT
þ 2A2 ln T

R
ð5Þ

BðTÞ ¼ B0 � 2B1

RT
þ 2B2 ln T

R
ð6Þ

where A0–A2 and B0–B2 are fitting parameters, and R is the gas con-
stant. The parameters were calculated by least squares fitting of
Eq. (4) to density data. Table 4 contains the coefficients A0-A2 and
B0–B2, and statistical indicators.

As depicted in Fig. 4, an excellent agreement between experi-
mental data and analytical behaviour of GMA EoS is observed, with
the term (2z-1)Vm

3 showing a linear dependency with the molar
density. Thus, GMA EoS stands as a very reliable equation of state
to describe/calculate the density of [2-HEA][Pr] within the studied
temperature and pressure ranges, with standard deviation in den-
sity similar to that inherent to the experimental determination.
The absolute differences in density |qexp-qcal| are lower than 0.3
kg�m�3.

The density of the liquid at a given (T, p) state was calculated
from:

BðTÞq5
m þ AðTÞq4

m þ qm � 2p=RT ¼ 0 ð7Þ
which results by solving Eq. (4) for qm. The predictive ability of the
GMA EoS to reproduce experimental data was evaluated by calcu-
lating the relative percentage deviation (%RDq) between predicted
and experimental values of densities using Eq. (8) and the corre-
sponding%AARDq calculated through Eq. (9):



Fig. 6. Thermal expansivity of [2-HEA][Pr] as a function of pressure and temper-
ature. D, 298.15 K; r, 303.15 K; s, 313.15 K; h, 323.15 K; e, 333.15 K; +, 343.15 K.
Symbols and lines represent calculations from GMA EoS.

Fig. 7. Isotheral compressibility of [2-HEA][Pr] as function of pressure and
temperature from GMA EoS. D, 298.15 K; r, 303.15 K; s, 313.15 K; h, 323.15 K;
e, 333.15 K; +, 343.15 K. Symbols and lines represent calculations from GMA EoS.

Fig. 4. Isotherms of (2z-1)Vm
3 versus the molar density (qm) for [2-HEA][Pr]

calculated from GMA EoS. D, 298.15 K; r, 303.15 K; s, 313.15 K; h, 323.15 K; e,
333.15 K; +, 343.15 K. Symbols represent experimental PVT data and the full lines
are for the GMA EoS.

Fig. 5. Relative density deviations between the experimental density (q) and that
calculated with the GMA EoS (qcal). D, 298.15 K; r, 303.15 K; s, 313.15 K; h,
323.15 K; e, 333.15 K; +, 343.15 K.
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%RDq ¼ 100� qcalc � q
q

ð8Þ

%AARDq ¼ 100
N

�
XN
i¼1

qcalc � q
q

����
���� ð9Þ

where N is the number of data points, qcalc is the calculated value of
density with GMAEoS and q is the reported experimental value at
the same temperature (and pressure). As depicted in Fig. 5, the rel-
ative deviations between values calculated by the GMA EoS and the
experimental data, as a function of temperature and pressure, are
very small, ranging within ±0.05%.

Some important thermomechanical properties, like the thermal
expansivity, ap = �(1/q)(oq/oT)p, and isothermal compressibility kT
= (1/q)(oq/op)T, can be derived from the GMA equation of state as
follows [40]:

ap ¼ ð2B1 þ 2B2TÞq5
m þ ð2A1 þ 2A2TÞq4

m þ 2p
5q5

mðRT2B0 � 2B1Tþ 2B2T
2 ln TÞ þ 4q4

mðRT2A0 � 2A1Tþ 2A2T
2 ln TÞ þ RT2qm

ð10Þ

kT ¼ 2
qmRTþ 5q5

mðRTB0 � 2B1 þ 2B2T ln TÞ þ 4q4
mðRTA0 � 2A1 þ 2A2T ln TÞ

ð11Þ
The density variations over isothermal or isobaric paths are

usually smooth functions of temperature and pressure. However,
the mechanical coefficients are quite sensitive to subtle changes
in the density. The calculated mechanical coefficients from GMA
EoS, ap and kT, are presented in Table S1 of the Supplementary
Information. Fig. 6 shows the behaviour of ap as function of tem-
perature and pressure. The expected behaviour is observed, i.e. ap
decreases with the increase of pressure, at isothermal conditions
and increases with the temperature, at fixed pressures. The mini-
mum andmaximum ap found, in the studied ranges of temperature
and pressure, are 7.81 � 10�4 K�1 for (298.15 K, 35 MPa) and
13.75 � 10�4 K�1 at (343.15 K, 0.1 MPa) respectively. At 298.15 K
and 0.1 MPa, ap = 8.97 � 10�4 K�1. These values are higher than
those calculated, with the same method, for [m-2-HEA][Pr] in our
previous work [26], denoting slightly higher intermolecular inter-
actions of the [2-HEA][Pr], compared to those of [m-2-HEA][Pr].

The isothermal compressibility is represented Fig. 7 as a func-
tion of temperature and pressure. As observed, kT increases with
temperature under at isobaric conditions. It decreases with pres-
sure at fixed temperatures. The minimum and maximum values
obtained are 0.261 GPa�1 (at 298.15 K, 35 MPa) and 0.520 GPa�1

(at 343.15 K, 0.1 MPa), respectively. At 298.15 K and 0.1 MPa,
kT = 0.285 GPa�1.

The thermal pressure coefficient, cV, can be calculated according
to cV ¼ aP=kT. On the basis of the thermomechanical coefficients,
the internal pressure pi can be calculated according to:

Pi ¼ ð@U=@VÞT ¼ Tð@p=@TÞV � p ¼ T � cV � p ð12Þ

where U is the internal energy. Although rarely used in the ionic liq-
uids investigation, the internal pressure provides a useful basis for
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understanding the nature of molecular interactions in the liquid
state. As the internal pressure is related to the isothermal change
of entropy per unit volume it is a macroscopic property used for
estimating the cohesion of liquids reflecting molecular order. The
internal pressure is a measure of the change in internal energy of
a liquid as it experiences a small isothermal expansion. The interac-
tions most affected by such a small change in volume include
repulsion, dispersion, and weak dipolar interactions and for non-
electrolyte liquids in which these effects are important, the values
of pi approach those of cohesive pressure [41,42]. Cohesive pressure
or cohesive energy density, CED, is defined as the ratio between the
cohesive energy, Uc, and the molar volume, Vm. Choesive energy can
be obtained from the enthalpy of vaporization, DvapH, as:

Uc ¼ DvapH � RT ð13Þ
Reid et al. [43] found that ammonium PILs (acetate family) can

vaporize as their neutral acid and base precursors and they found a
strong correlation between the enthalpy of vaporization,
DvapH

0
mðPILÞ, at 298.15 K and atmospheric pressure, and the corre-

sponding values of the precursor amine, DvapH
0
mðamineÞ:

DvapH
0
mðPILÞ ¼ ð0:968� 0:145ÞDvapH

0
mðamineÞ þ ð74:1� 6:1Þ

ð14Þ
For acetic and propionic acids the reported DvapH

0
m are 51.6

kJ�mol�1 [44] and 51.0 kJ�mol�1 [45] respectively. Thus, in a good
approximation, the values of DvapH

0
mðPILÞ derived for acetate PILs

can be considered as the same for propionate ones. For ethanola-
mine DvapH

0
mðamineÞ ¼ 58 kJ�mol�1 [45] and from Eq. (14),

DvapH
0
mðPILÞ = 130.244 kJ�mol�1 which gives CED = 1060 MPa for

[2-HEA][Pr].
The values of the internal pressure of [2-HEA][Pr] are given as

function of temperature at p = 0.1 MPa in Fig. 8. In the same figure
the value the cohesive pressure at 298.15 K is also represented.

Kartsev and co-workers [46,47] have made studies on molecu-
lar fluids including polar, non-polar and associated solvents and
concluded that, at atmospheric pressure, systems with tempera-
ture coefficients greater than zero, ð@pi=@TÞ > 0, lead to
hydrogen-bonded structures in the liquid, while ð@pi=@TÞ < 0
translates on lower association of species. To the best of our knowl-
edge, for ILs no such study has been performed before. The [2-HEA]
[Pr] can have cation-cation (CC) and cation–anion (CA) OH hydro-
gen bonding. The CA interaction can be further divided into subcat-
egories NAH OAC (between ammonium hydrogen and carboxylate
oxygen) and OAHOAC (between hydroxyl group and carboxylate
oxygen). Thummuru and Mallik [48] performed molecular dynam-
ics simulations of hydrogen bonding in hydroxyl-functionalized
protic ammonium carboxylate PILs which included the 2-
hydroxyethylammonium acetate [2-HEA][Ac] among others.
Fig. 8. Internal pressure of [2-HEA][Pr] as function of temperature calculated from
GMA EoS. s, p = 0.1 MPa; h, p = 35 MPa; d, CED at T = 298.15 K and p = 0.1 MPa.
Symbols and lines represent calculations from GMA EoS.
Thummuru and Mallik [48] reported that the inclusion of (OH)
group decrease the CA interactions compared to when it is absent
from the cation, and it increases also the solvation shell of the PIL
and thus the long-range interactions. As two types of acidic hydro-
gen atoms are present in the cation (hydroxyl and ammonium
groups) the anionic density must spread around these two type
of atoms on the cation. However, proeminence of carboxylate
density around the ammonium hydrogens was reported [48].
These conclusions, will most likely be valid for [2-HEA[[Pr]. From
Fig. 8 a general weak dependence of pi on temperature is observed
at low and high pressure with a clear change in the sign of ð@pi=@TÞ
observed near 313 K which probably means some changes in the
association structure of [2-HEA][Pr]. As indicated by Ivanov and
Abrosimov [49] for molecular fluids, the existence of intermolecu-
lar hydrogen bonding in a liquid substantially increases the CED
relative to pi. This behaviour is also observed in Fig. 8 for [2-HEA]
[Pr]. Then we can conclude that hydrogen-bonding must play an
important role in the structure of liquid [2-HEA][Pr]. It has been
considered that the relationship pi = n CED holds [50]. The CED
have been calculated for some imidazolium, pyridinium and pyrro-
lidinium ILs [50] but values for ammonium PILs are lacking. For [2-
HEA][Pr] at 298.15 K n = 0.89 which is higher than the values found
for imidazolium, pyridinium and pyrrolidinium ILs for which 0.56
< n < 0.87 [50].

The group contribution methods (GCM) proposed by Gardas
and Coutinho [30] (GC GCM) and by Paduszyńki and Domańska
[31] (PD GCM) were used to predict the pVT data of [2-HEA]
[Pr]. The GC GCM method uses the volumes of ions at the refer-
ence temperature (298.15 K) and pressure (0.1 MPa). Ionic vol-
umes can be calculated by means of the Ye and Shreeve
procedure [51] or, if available, taken directly from the literature.
The linear sum of the volumes of cation (V+) and anion (V�) is
assumed [30]. The influence of temperature and pressure on the
molar volume is accounted for by three universal (i.e., indepen-
dent of IL) coefficients found by fitting the model equation to
experimental density data. The authors assumed linear depen-
dence of molar volume on temperature and pressure. The data-
base used to obtain the coefficients included 1500 experimental
density data points for 23 ILs covering the temperature and pres-
sure ranges of T = (293–393) K and p = (0.1–100) MPa. The%AARD
between calculated and experimental densities ranges from 0.45%
to 1.57% depending on the cation of IL (imidazolium, pyridinium,
pyrrolidinium, or phosphonium) [30]. The density at coordinates
(T,p) is given by [30]:

qðT;pÞ ¼ M

NðVþ þ V�Þð0:8005þ 6:652 � 10�4T � 5:919 � 10�4pÞ
ð15Þ

where q is the density, M is the IL molar mass, N is the Avogadro
number, T is the temperature, and p (MPa) is the pressure.

The (PD GCM) method is based on the Tait equation, in which
the molar volume at reference temperature (298.15 K) and pres-
sure (0.1 MPa) was assumed to be additive with respect to a
defined set of both cationic and anionic functional groups. PD
GCM was developed based on a database containing over 18,500
data points for a variety of 1028 ILs covering a wide temperature
and pressure ranges of T = (253–473) K and p = (0.1–300) MPa.
The PD GCM model parameters, including contributions to molar
volume of 177 functional groups, as well as universal coefficients,
describing the PVT surface, were fitted to experimental data of 828
ILs with an%AARD = 0.53% [31]. The model was evaluated against a
test set of 200 ILs, not included in the development of the correla-
tion, showing an%AARD = 0.45%. The density of the IL for the refer-
ence temperature and pressure conditions q0 = q (T0 = 298.15 K,
p0 = 0.1 MPa) was given by the following formula [31]:
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q0 ¼ qðT0;p0Þ ¼
M
V0;m

ð16Þ

where M is the molar mass of the IL and V0,m is the molar volume at
(T0, p0) which is calculated based on the GCM additivity principle:

V0;m ¼
X
i

niv0
i ð17Þ

Parameters ni and vi0 correspond to the number of functional
group occurrences of type i, and the contribution of that group to
molar volume at (T0, p0), respectively. In that model, the relation-
ship [31]:

qðT; p0Þ ¼
q0

½1þ 6:439 � 10�4ðT � T0Þ�
ð18Þ

is combined with the Tait-type equation for compressed fluid:

qðT; pÞ ¼ qðT; p0Þ
1� 0:081 ln½1þ BðTÞðp� p0Þ�

ð19Þ

where

BðTÞ ¼ 1
195

½1þ 4:97 � 10�3ðT � T0Þ� ð20Þ

ILs with the common 2-hydroxyethylammonium cation com-
bined with various carboxylic acid anions were considered in the
PD GCM model [31]: ammonium-based cations containing the
hydroxyethyl group (AC2OH) include 2-hydroxyethylammonium,
bis(2-hydroxyethyl) ammonium, tris(2-hydroxyethyl)ammonium,
and the formate, acetate, and pentanoate anions. Paduszynki and
Domanska [31] made predictions of densities of those ILs over a
60 K range near the ambient temperature and at p = 0.1 MPa and
with average absolute relative deviations ranging from ±0.2% to
±2.5%.

For the application of GC GCM the molecular volumes of ions V
[2-HEA] and V[Pr] are needed. The molecular volumes of carboxylic
ammonium PILs have been proposed in our previous work [26], by
fitting Eq. (15) to the experimental density data of the PILs. In that
work we have found V [m-2-HEA] = 11.75 � 10�29 m3 and V [Pr] =
11.52 � 10�29 m3. Taking into account the contribution V(ACH3) =
3.0 � 10�29 m3 for the methyl group [50], it is obtained V [2-HEA]
= 8.75 � 10�29 m3 and Eq. (15) can be applied to predict density
data of [2-HEA[[Pr]. The density deviations between calculated
and experimental values are plotted in Fig. 9a as function of pres-
Fig. 9. Relative density deviations between the calculated values with GC GCM (a)
and PD GCM (b) models (qcal) and the experimental values of this work (q). D,
298.15 K; r, 303.15 K; s, 313.15 K; h, 323.15 K; e, 333.15 K; +, 343.15 K.
sure and temperature. It is observed that%RDs are usually in the
range ±1% and%AARD = 0.6% wich allows to conclude that Eq. (15)
gives a good prediction of data.

The group assignments for [2-HEA][Pr] i.e., the ni values and the
group contributions necessary for application of PD GCM are pre-
sented in Table S2 given in Supplementary Information. The den-
sity deviations between the predicted values with PD GCM and
the experimental values for [2-HEA][Pr] in the given ranges of
pressure and temperature can be seen in Fig. 9b. It is observed
that%RDs are always negative with maximum values around
�2.5%, similar to what could be expected from the application of
the method. The%AARD = 1.7% which can be considered as repre-
sentative of a reasonable accuracy for the predictions.

The speed of sound measurements have been carried out for
[2-HEA][Pr] over the range of temperatures T = (303.15–353.15)
K and pressures p = (0.1–20.0) MPa. The experimental data are
presented in Table 5 and Fig. 10. To the best of our knowledge,
speed of sound measurements for [2-HEA][Pr] are here reported
for the first time.

Our original data have been fitted against temperature and
pressure following the rational equation:

u ¼ a0 þ a1T þ a2T
2 þ b1p

1þ a3T þ b2p
ð21Þ

where a0–a2 and b1 and b2 are the fitting parameters. These param-
eters, calculated by least squares fitting of Eq. (21) to the sound
speed experimental data, are presented in Table 6 were the usual
statistical indicators were also included to show the ability of Eq.
(21) to represent experimental data.

As depicted in Fig. 11, where the%RDs between calculated val-
ues from Eq. (21) and experimental data are represented, one can
concluded that Eq. (21) gives a very reliable correlation of the
sound speed of [2-HEA][Pr] for the studied ranges of temperatures
and pressures:%AARDu is 0.09% and the standard deviation is 1.7
ms�1. It was verified that about 70% of the values present devia-
tions (u-ucal) lower than ru: the maximum deviation obtained
was (u-ucal) = 3.54 m�s�1 at the coordinates T = 323.15, p = 0.1 MPa;
the minimum deviation was -0.032m�s�1 at T = 343.15 K, p = 19MPa.
From Fig. 11, we conclude that the deviations are small, usually
in the range of 0.09%. At atmospheric pressure, the RD% are
within ± 0.2% corresponding to a mean deviation of ± 1.6 m�s�1.

In Fig. 12 the measured speed of sound as a function of tem-
perature, at atmospheric pressure, is presented for ionic liquids
with the common [2-HEA] cation combined with different car-
boxylic acid anions, like formate [F], acetate [Ac], propionate
[Pr] and pentanoate [Pe]. The speed of sound data reported by
Cota et al. [34], for [2-HEA][F], by Alvarez et al. [33], for
[2-HEA][Ac], and by Iglesias et al. [20], for [2-HEA][Pe], are
presented in Fig. 12.

As depicted, some discrepancies can be found: [2-HEA][Pr]
speed of sound reported here presents similar values to those
reported for the [2-HEA][Pe] [20]. Analyzing the property tendency
as function of the carboxylate anion change, i. e. considering the
positions relative to the acetate and pentanoate anions, one may
infer that [2-HEA][Pr] data may present some unconsistency. How-
ever, it is surprising that measurements made for other [2-HEA]-
based ILs, the smallest anion, are located between those of the
acetate and pentanoate, thus breaking the trend of increasing the
anion chain. The possible source of the above mentioned ‘‘out of
place” discrepancies could be due to some water contamination
of samples. Alvarez et al. [33] refer that [2-HEA][Ac] used in their
experiments was dried for 48 h at room temperature under a vac-
uum of 20 kPa while stirring, before each use in order to decrease
the water content as much as possible. For [2-HEA][F] and [2-HEA]
[Pe] authors did not provide relevant information on purity of PILs.



Table 5
Experimental values of speed of sound (u) for [2-HEA][Pr] as a function of temperature (T) and pressure (p).

p /MPa m (m�s�1) at T(K)

303.15 313.15 323.15 333.15 343.15 353.15

0.1 1554.7 1526.8 1506.1 1474.9 1449.3 1416.0
1.0 1558.7 1531.9 1509.8 1479.7 1453.0 1421.0
2.0 1562.7 1535.7 1513.6 1484.6 1456.8 1426.1
3.0 1566.7 1539.5 1517.3 1488.3 1461.8 1431.2
4.0 1570.7 1542.1 1521.1 1493.2 1466.7 1436.3
5.0 1574.7 1546.0 1524.9 1497.0 1471.7 1441.4
6.0 1578.8 1549.9 1528.7 1501.9 1475.5 1446.5
7.0 1582.9 1553.8 1533.8 1505.7 1480.5 1451.7
8.0 1587.0 1557.8 1537.6 1509.5 1485.5 1456.8
9.0 1591.1 1561.7 1541.5 1514.5 1489.3 1463.1
10.0 1595.2 1565.7 1545.4 1518.3 1494.3 1467.0
11.0 1599.4 1569.7 1549.2 1523.3 1499.4 1473.3
12.0 1602.1 1573.7 1553.2 1527.2 1503.2 1478.4
13.0 1606.3 1577.7 1558.4 1531.0 1508.2 1482.4
14.0 1610.5 1581.7 1562.3 1534.9 1513.3 1487.5
15.0 1613.3 1585.8 1566.3 1540.0 1517.2 1492.6
16.0 1617.6 1589.9 1568.9 1543.8 1522.2 1496.5
17.0 1620.4 1594.0 1572.9 1547.7 1526.1 1500.4
18.0 1624.6 1598.1 1576.9 1551.6 1530.0 1504.4
19.0 1628.9 1602.2 1581.0 1555.5 1533.8 1509.5
20.0 1633.2 1606.4 1585.0 1559.5 1537.7 1513.3

Uncertainties are: u (T) = ±0.05 K, u (p) = ±0.02 MPa and uc (u) = ±1.6 m�s�1.

Fig. 10. Sound speed of [2-HEA][Pr] as function of pressure and temperature.
Experimental data: D, 298.15 K; r, 303.15 K; s, 313.15 K; h, 323.15 K; e, 333.15
K; +, 343.15 K. The lines represent the fitting with Eq. (21).

Table 6
Parameters a0–a3, b1 and b2 of Eq. (21), temperature and pressure ranges (Tmin, Tmax,
pmin, pmax), standard deviation (ru) correlation coefficient (r2) number of data points
(N) and average absolute relative deviation, %AARD.

a0/m�s�1 2243.811 pmin/MPa 0.10
a1/m�s�1K�1 �5.99823 pmax/MPa 20.0
a2/m�s�1K�2 3.41052 � 10�3

a3/K�1 �1.73154 � 10�3 r2 0.9989
b1/m�s�1MPa�1 3.19043 ru/m�s�1 1.70
b2/MPa�1 8.66638 � 10�4 Np 126
Tmin/K 303.15 %AARDu 0.09
Tmax/K 353.15

Fig. 11. Relative deviations of sound speed between the experimental (u) values
and those calculated using Eq. (21) (ucal). D, 303.15 K; r, 313.15 K; s, 323.15 K; h,
333.15 K;e, 343.15 K; +, 353.15. The dashed lines represent the limits for%AARDu =
±0.09% (see Table 6).

Fig. 12. Speed of sound of [2-HEA][F], [2-HEA][Ac], [2-HEA][Pr] and [2-HEA][Pe] as
a function of temperature. Experimental values: +, [2HEA][F] [34]; D, [2HEA][Ac]
[33]; �, [2HEA][Pe] [20]; s, [2HEA][Pr] this work. Solid line refers to predictive Wu
et al. [34] method.
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The [2-HEA][Pr] samples used in this work were extensively puri-
fied as explained before (Section 2.1).

Recently, Wu et al. proposed a corresponding states group con-
tribution method for estimating the speed of sound of ILs at atmo-
spheric pressure [35]:
u ¼
X3
i¼0

ai
Xk
j¼1

njDu0;j

 !i

ð1� T=TcÞ0:65359 ð22Þ
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where nj is the number of groups of type j, k is the total number of
different groups in the ionic fragments, and ai and Du0,j are param-
eters and group contribution parameters for group j, respectively.
The critical temperature, Tc, is determined by Valderrama group
of contribution method [52]:

Tc ¼ Tb

0:5703þ 1:0121
Xk
j¼1

njDTc;j �
Xk
j¼1

njDTc;j

 !2
2
4

3
5

ð23Þ

where nj and DTc,j are the number of occurences and the contribu-
tion to the critical temperature of group j in the ionic species,
respectively, k is the total number of different groups in the ionic
fragment, and Tb is the predicted normal boiling point [52]:

Tb ¼ 198:2þ
Xk
j¼1

njDTb;j ð24Þ

whereDTb,j is the contribution to the normal boiling temperature of
group j in the ionic species. Eq. (19) was based on speed of sound
data of 96 pure ILs (containing 51 cations and 23 anions) reported
between 2005 and 2013. An%AARD = 2.34% has been stated for the
corresponding states group contribution method proposed by the
authors for the 96 ionic liquids based on imidazolium, pyridinium,
pyrrolidinium, phosphonium, and ammonium cations combined
with a large variety of anions. For [2-HEA][Pr], Tb = 537.63 K and
Tc = 721.19 K were obtained. The group assignments and the group
contributions for the calculation of Tb and Tc of [2-HEA][Pr] with
Walderrama method [52] as well as the same data for application
Fig. 13. Isentropic compressibility of [2-HEA][Pr] as function of temperature and
pressure. Experimental values: r, 303.15 K; s, 313.15 K; h, 323.15 K; e, 333.15 K;
+, 343.15 K. Lines refer to the calculations from combined GMA EoS and Eq. (25)
(dashed line is relative to 298.15 K).

Table 7
Molar compressibility (km) of [2-HEA][Pr] as function of temperature and pressure. The m
corresponding standard deviations are presented.

p/MPa km 103/m3.mol�1.Pa1/7

303.15 K 313.15 K 323.15 K

0.1 2.694 2.703 2.718
10.0 2.704 2.712 2.727
15.0 2.711 2.720 2.734
20.0 2.717 2.726 2.739
(<km>, p)T ±r 2.707 ± 0.009 2.715 ± 0.009 2.730 ± 0

Total < km> ± r 2.731 ± 0.021

a <km> for (<km>, T)p
b <km> for (<km>, p)T.
of Wu method are presented in Table S3 given in supplementary
data. In Fig. 12, Values of the speed of sound using Eq. (22) are com-
pared with those reported in this work. It can be concluded that the
sound speeds predicted with Wu et al. equation [35] are always
higher than the experimental values, with%RDs ranging between
7% and 10%, resulting in a%AARD of 7.9%. From Fig. 12, looking at
the (u,T) data for [2-HEA][Pr] predicted from Wu method, it can
be concluded that they are correctly positioned between the corre-
sponding data for [2-HEA][Ac] and [2-HEA][Pe]. However, this can
not be taken for granted because Wu et al. [35] used data of those
PILs for the training set from which the parameters of Eq. (22) were
obtained. Wu et al. [35] referred that the method could have some
limitations for protic ILs due to the presence of proton-donor and
proton-acceptor sites. Another criticism that can be made to Wu
method is that its accuracy depends on the calculation of the critical
temperature obtained by Valderrama method.

The fluid’s sound speed, its density and isentropic compressibil-
ity (inverse bulk modulus), are essential properties to EoSs, models
and correlations, which are related with each other as well as with
the heat capacities at constant pressure and volume. The measured
densities and sound speeds can be combined through Newton-
Laplace equation, Eq. (25), to calculate the isentropic compressibil-
ity of [2-HEA][Pr] as presented in the Supporting Information in
Table S4 and Fig. 13:

kS ¼ 1
qu2 ð25Þ

As depicted in Fig. 13, kS presents the common behaviour
observed for ionic liquids, with T and p that in turn is related to
the corresponding behaviour of density and speed of sound:
kS increases with temperature at isobaric conditions and
decreases with pressure at isothermal conditions. The minimum
and maximum values observed within the temperature
(303.15 to 343.15) K and pressure (0.1 to 20) MPa range are
3.34 � 10�10 Pa�1 (at 303.15 K, 20 MPa) and 4.47 � 10�10 Pa�1

(at 343.15 K, 0.1 MPa), respectively. At 298.15 K and 0.1 MPa,
kS = 3.62 � 10�10 Pa�1.

An important parameter in the study of liquid state is the molar
compressibility, also called Wada’s constant, [53] defined by:

km ¼ M
q
k�1=7
S ð26Þ

The molar compressibility of [2-HEA][Pr], calculated from
experimental densities and speeds of sound, was determined in
the ranges T = (303.15–343.15) K and p = (0.1–20) MPa and are
presented in Table 7. It is clearly observed that km is almost con-
stant as function of temperature and pressure. As the molar com-
pressibility presents a small temperature and pressure
dependency, the mean value <km> was determined as:
ean molar compressibilities, <km>, taken over pressure or temperature ranges, and

333.15 K 343.15 K (<km>, T)p ± r

2.731 2.747 2.719 ± 0.019
2.742 2.761 2.729 ± 0.020
2.748 2.765 2.735 ± 0.019
2.753 2.770 2.741 ± 0.019

.007 2.743 ± 0.008 2.761 ± 0.009 2.731 ± 0.008a

2.731 ± 0.019b
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< km >¼ ð1=NÞ
XN
i

ðkmÞi ð27Þ

over the range of pressure variation (<km>, p)T for each isotherm
and over the temperature variation (<km>, T)p at each pressure.
The corresponding standard deviation from the mean values for
each isotherm or isobar was calculated as:

rkm ¼
XN
i¼1

ðkm� < km >Þ2i =N
" #1=2

ð28Þ

From the values (<km>, p)T and (<km>, T)p the overall means
values were calculated giving <km> = (2.731 ± 0.019) � 10�3/
(m3⸳mol�1. Pa1/7) and <km > = (2.731 ± 0.008)� 10�3 /(m3⸳mol�1.
Pa1/7 ), respectively. This value can be compared with <km > =
(3.138 ± 0.002) � 10�3 /(m3⸳mol�1. Pa1/7) obtained previously
by us for N-methyl-2-hydroxyethylammonium propionate at
T = (298.15 to 333.15) K and atmospheric pressure [27]. The
<km> can be considered as an appropriate and useful parameter
characteristic of the IL over a broad range of pressures and temper-
atures. For example Eq. (26) can be solved for the speed of sound
using Eq. (25) and assuming that km = <km>:

u ¼ < km >

M

� �7=2

q3 ð29Þ

Thus, the speed of sound can be estimated at any desired tem-
perature and pressure from density. For [2-HEA][Pr] the speed of
sound predicted in this way gives%AARD = 2.4% a value which is
much less than the corresponding value of 7.9% obtained for the
application of Wu method [35].
4. Conclusions

The density of 2-hydroxyethylammonium propionate was mea-
sured in the T = (293.15–343.15) K temperature range and for pres-
sures ranging from atmospheric to 35.0. MPa using a vibrating tube
densimeter. The speed of sound was here reported for the first time
over T = (303.15–353.15) K and p = (0.1–20.0) MPa, using an acous-
tic cell and a Labview interface designed for signal acquisition and
processing. The experimental densities are very well correlated
with the GMA EoS with an average relative deviation of 0.03%.
The Paduszynki and Domanska predictive model was applied to
predict the densities with an average absolute relative deviation
of 1.7% which is within the expected uncertainty of the method.
The volumetric derivative properties, that is, thermal expansivity
and isothermal compressibility calculated from GMA EoS behave
as expected relative to temperature and pressure variations. The
experimental (upT) speed of sound data is well correlated with a
rational function with an average absolute relative deviation of
0.08%. The density and speed of sound measurements were used
to calculate the isentropic and the molar compressibilities in an
extended range of pressures and temperatures. The molar com-
pressibility is almost constant presenting a variation of <0.7% over
the considered ranges of temperature and pressure.
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