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Abstract In this work we report the experimental mea-

surements of excess molar enthalpy and excess molar

volume, at 298.15 K and atmospheric pressure, on ethy-

lammonium nitrate (EAN) and propylammonium nitrate

(PAN) ? water mixtures. Positive enthalpies were found

for the two systems (maximum, at x1 around 0.37 corre-

spond to about 700 and 900 J mol-1 for EAN and PAN

respectively). As the hydrophobic/hydrophilic ratio

increases, along with the length of the alkyl chain in the

ionic liquids, ILs, the specific interactions IL-water become

less important. The excess molar volumes, VE, are negative

over the entire composition range for the two binary mix-

tures. They have similar values but curves exhibit a dif-

ferent asymmetric shape and around equimolar

composition they intersect each other. This behaviour:

positive HE and negative VE, is not very common.

Keywords Enthalpy � Ionic liquids � Volume � Water

Introduction

Room Temperature Ionic Liquids (RTILs) are a class of

organic molten electrolytes which are liquids around room

temperature [1]. They have specific properties such as negli-

gible vapour pressures, high ionic conductivity, outstanding

catalytic properties, non inflammability and often stability

from room temperature up to 300 �C or more [2]. Moreover,

the physical and chemical properties of RTILs can be adjusted

by proper selection of the kind of anion, cation and substi-

tuting groups of the cation [3]. RTILs are also potential

environmentally friendly solvents since their non volatile

nature can prevent environmental pollution. There are several

publications devoted to experimental and theoretical ther-

modynamic studies on pure ILs and their mixtures with

common organic solvents [4–6], most of them concerning

imidazolium-based ILs. Some works have dealt with the

thermodynamic properties of (RTILs ? water) binary sys-

tems [7–9], and a growing number of investigations on the

thermodynamic properties of such systems is being carried

out. In this work we report the experimental measurements of

excess molar enthalpy and excess molar volume on ethy-

lammonium nitrate (EAN) and propylammonium nitrate

(PAN) ? water mixtures. Two sources [10, 11] of density-

correlated data on EAN ? water system are available in lit-

erature. Data reported by Bou Malhan [11] were drawn from a

previous paper [12]. No further data on thermodynamic

properties concerning the system investigated were found.

Experimental section

Materials

Sources and relevant physical properties of substances

employed in this study are reported in Table 1. Before using,

This paper is a tribute to Dr. Henry V. Kehiaian from Prof. Bruno

Marongiu and coworkers.

S. Porcedda � B. Marongiu (&) � M. Schirru � D. Falconieri �
A. Piras

Dipartimento di Scienze Chimiche, Università degli Studi di
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the ILs, purchased from IOLITECH (Ionic Liquids Tech-

nologies, Denzlingen, Germany), were kept for several days

in an oven set at 40 �C at reduced pressure in presence of

phosphorous pentoxide as dehydrator. Water was obtained

by distillation and used immediately after preparation.

Apparatus and procedure

Calorimetry

Heats of mixing were determined by means of a flow

micro-calorimeter (model 2277—LKB-producer AB, Bro-

mma, Sweden). The apparatus and the experimental pro-

cedure are described in detail elsewhere [16]. Fully

automatic burettes (ABU80—Radiometer, Copenhagen,

Denmark) were used to pump the liquid into the LKB unit.

The molar flow rate mi (mol sec-1), of component i flow-

ing into the mixing cell is given by:

mi ¼
Uiqi

Mi

ð1Þ

where Ui is the volumetric flow rate, qi the density and Mi

the molar mass.

The molar excess enthalpies have been evaluated from

the formula

HE ¼ I2R E=Ecð Þ
mi

ð2Þ

where I and R are the electrical current and resistance in the

electrical calibration experiment, E and Ec are the voltage

readings for measurement and electrical calibration,

respectively, and m is the molar flow rate of the mixture.

All enthalpy measurements were carried out at 298.15 K.

The accuracy of the LKB bath temperature is 0.1 K. The

reliability of the apparatus and procedure adopted were

checked periodically by performing HE measurements on

the test system benzene ? cyclohexane. Our results con-

cerning this system differed by \2% from reliable litera-

ture data [17] over the entire composition range.

Volumetry

The necessary density data for the determination of the

molar flow in the calorimetric determinations and of the

excess molar volumes were measured with a vibrating tube

densitometer (model DMA 58, Anton Paar, Graz, Austria)

with a reproducibility of 1 9 10-5 g cm-3. Accuracy in

the temperature was better than ±1�10-2 K by means of an

internal temperature control device that applies the Peltier

principle to maintain isothermal conditions. Densitometer

calibration was performed before every run using a double

reference (water and dry air).

The liquid mixtures were prepared by weighing in sep-

tum-capped vials of approximately 2 mL using needles and

syringes to transfer liquids.

The molar excess volumes VE were calculated from the

equation:

VE ¼ x1M1 þ x2M2

q
� x1M1

q1

� x2M2

q2

ð3Þ

where x1 and x2 are the mole fractions, M1 and M2 the

molar masses, q1 and q2 the densities of the two pure

components and q is the density of the mixture. The pro-

cedure was checked by comparison of our experimental VE

data of the water ? ethanol system with reliable literature

data [18]. Our experimental data differed by less than 0.8%

in the whole composition range.

The whole set of experimental data on HE and VE are

reported in Table 2.

Experimental results and discussion

The experimental YE (Y = H or V) data of the binary

mixtures containing EAN or PAN (1) with water (2),

reported in Table 2, were fitted to the smoothing Redlich–

Kister equation:

YE ¼ x1x2

Xn�1

i¼0

ai x1 � x2ð Þi ð4Þ

with 3 or 4 parameters, were x1 is the mole fraction of the

RTILs and n is the number of coefficients. The values of the

coefficients ai and the standard deviation of the fit, r(YE):

rðYEÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R YE

i;calc � YE
i;exp

� �2

N � n

vuut
ð5Þ

Table 1 Supplier, molar masses, purities express as mole fraction and densities at 298.15 K of chemicals used in the experiments

Compound Supplier Ma/g mol-1 Purity qexp/kg m-3 qlit/kg m-3 Source of exp. data

EAN IoLiTech 108.097 0.97 1209.90 1209.06 [10]

1210.62 [12]

PAN IoLiTech 122.123 0.97 1150.90 1156.8b [14]

Water – 18.0152 997.04 997.0474 [15]

a calculated from the atomic weight of elements recommended by IUPAC [13]
b value at 27 �C
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obtained by un-weighted least squares treatment, where N is

the number of experimental points, are given in Table 3.

Experimental excess molar enthalpies, HE, are repre-

sented in Fig. 1. Positive enthalpies were found for the two

systems (maximum, at x1 around 0.37 corresponds to about

700 and 900 J mol-1 for EAN and PAN respectively).

Therefore, taking into account that the positive excess

enthalpy implicates weaker interaction upon mixing, it can

be stated that the forces between the same kind of ions or

molecules (IL–IL and water–water interactions) are stron-

ger than those of among dissimilar ones. As the hydro-

phobic/hydrophilic ratio increases, along with the length of

the alkyl chain in the ILs, the specific interactions IL–water

become less important.

Table 2 Experimental values of the molar excess enthalpies, HE and of the molar excess volumes, VE, of binary mixtures of ionic liquid

(1) ? water (2) at 298.15 K

x1 HE/J mol-1 x1 HE/J mol-1 x1 HE/J mol-1

EAN ? water

0.0166 85.7 0.1683 550.3 0.4473 651.7

0.0247 116.3 0.2125 621.2 0.5484 582.3

0.0482 221.1 0.2329 648.5 0.6182 502.4

0.0919 375.7 0.2881 685.8 0.6693 441.4

0.1189 457.8 0.3778 697.7 0.7083 388.3

PAN ? water

0.0208 95.3 0.2035 780.9 0.5767 658.3

0.0408 189.2 0.2541 852.0 0.6300 582.1

0.0785 355.7 0.3381 895.5 0.6714 516.3

0.1133 504.8 0.4052 860.8 0.7187 443.3

0.1455 625.5 0.5054 758.3 – –

x1 VE/cm3 mol-1 x1 VE/cm3 mol-1 x1 VE/cm3 mol-1

EAN ? water

0.00640 -0.0363 0.2138 -0.537 0.6179 -0.441

0.02434 -0.123 0.2966 -0.570 0.7474 -0.338

0.05001 -0.224 0.2978 -0.570 0.8188 -0.254

0.07296 -0.302 0.3735 -0.569 0.9075 -0.122

0.08697 -0.340 0.4426 -0.552 0.9112 -0.134

0.12493 -0.424 0.4557 -0.540 0.9554 -0.107

0.1602 -0.480 0.4967 -0.529 – –

PAN ? water

0.01254 -0.0773 0.2044 -0.5739 0.5998 -0.448

0.01849 -0.111 0.2748 -0.599 0.6990 -0.350

0.05229 -0.275 0.3130 -0.604 0.7986 -0.247

0.07420 -0.357 0.4236 -0.575 0.8380 -0.203

0.1154 -0.464 0.4642 -0.546 0.9667 -0.0356

0.1857 -0.560 0.4975 -0.523 – –

Table 3 Values of the coefficients, ai and standard deviations, r (YE), values at equimolar composition, YE(0.5), of molar excess enthalpies, HE

and molar excess volumes, VE, at 298.15 K, for ionic liquid (1) ? water (2) mixtures

Mixtures a0/J mol-1 a1/J mol-1 a2/J mol-1 a3/J mol-1 r (HE)/J mol-1 HE(0.5)/J mol-1

EAN ? water 2474.5 -1714.2 859.4 0 5.5 ?619

PAN ? water 3132.8 2448 214.2 0 18 ?783

a0/cm3 mol-1 a1/cm3 mol-1 a2/cm3 mol-1 a3/cm3 mol-1 r (VE)/cm3 mol-1 VE(0.5)/cm3 mol-1

EAN ? water -2.075 1.0149 -1.2794 0.79664 0.012 -0.519

PAN ? water -2.0786 -1.2126 -1.3992 -1.4871 0.0085 -0.520
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The excess molar volumes VE for EAN and PAN ?

water binary mixtures are shown in Fig. 2. VE are negative

over the entire composition range for the two binary

mixtures. They have similar values but curves exhibit a

different asymmetric shape and around equimolar com-

position they intersect each other. The minimum is around

x1 = 0.3 for EAN and 0.25 for PAN. More negative values

are reached by the PAN-containing mixtures in the water-

rich region, on the contrary at high IL-rich concentration

more exothermic effects are attributable to EAN. In Fig. 3

are reported our VE data of the EAN ? water system along

with other similar results. Data of Hadded et al. [12] were

get from the paper of Bou Malham et al. [11] that reports

the desired VE values in explicit form. The VE attributed to

Allen [10] were calculated from the partial molar volumes

reported in the paper. The agreement is good only at very

low concentration of IL. Our results are more negative

with respect to those reported in ref 10 of about 9% at

equimolar composition. Data of Allen et al. [10] appear

quite scattered especially at high values of mole fraction of

component 1. The VE values result from the chemical

physical and structural characteristics of liquids. Usually

the difference in size and shape of the two components and

the loss of dipolar association leads to expansion in vol-

ume. The physical interaction between unlike molecules

such as dipole–dipole and ion–dipole interactions results in

contraction in volume. This behaviour: positive HE and

negative VE, is not very common but possible (usually the

above mentioned properties have the same sign). Similar

trends are typical, for example, in n-alkane ? alcohols

mixtures [8]. In that case the negative value of the VE was

ascribed to the accommodation of the alkane in the

interstices of the hydrogen bonded structure of the alcohol.

A similar hypothesis, in our case the accommodation of

the IL in the structure of the water, should be confirmed by

a structural investigation.
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Fig. 1 Experimental molar excess enthalpies, HE, at 298.15 K, of

ionic liquid (1) ? water (2) mixtures versus x1, the mole fraction of

component (1); lines represents the 3-parameters Redlich–Kister

equation, points experimental results: filled circle, EAN; filled square,

PAN
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Fig. 2 Experimental molar excess volumes, VE, at 298.15 K, of ionic

liquid (1) ? water (2) mixtures versus x1, the mole fraction of

component (1); lines represents the 4-parameters Redlich–Kister

equation, points experimental results: filled circle, EAN; filled square,

PAN
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Fig. 3 Experimental molar excess volumes, VE, at 298.15 K, EAN

(1) ? water (2) mixtures versus x1, the mole fraction of component

(1), comparison with literature data: filled circle, this work; filled
diamond, [11]; filled inverted triangle, [10]
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