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Abstract
Phase transition temperatures of three ionic liquids (ILs) with ammonium cations of different alkyl chain length and nitrate 
common anion were determined in this paper by differential scanning calorimetry. Thermal stability of these ILs in air and 
nitrogen atmosphere and the maximum operation temperatures of the compounds were also studied using a thermogravimet-
ric analyser. Furthermore, thermophysical properties as density, viscosity, thermal conductivity, and heat capacity against 
temperature of these pure ionic liquids were determined and compared with the corresponding values for water saturated 
samples. For this purpose, different techniques were employed: for density and viscosity a rotational automated viscoden-
simeter; for thermal conductivity measurements a thermal conductimeter that follows the transient hot-wire method; and for 
heat capacity measurements a microdifferential scanning calorimeter. Different behaviours were observed depending on the 
analysed thermophysical properties. In case of dried samples, density and thermal conductivity decrease with alkyl chain; 
for saturated samples, same tendency is observed for density but is the opposite in case of thermal conductivity. Isobaric 
specific heat and viscosity increase with alkyl chain length in case of dried samples; for saturated samples same tendency is 
observed for the viscosity, whereas the tendency is the contrary in case of isobaric specific heat.

Keywords Ionic liquids · Water content · Transport properties

Introduction

Ionic liquids (ILs) are composed by an organic cation and an 
inorganic/organic anion and usually are defined as molten 
salts with melting point below 100 °C. The first ionic liq-
uid, ethylammonium nitrate (EAN), was synthetized by Paul 
Walden more than a hundred years ago. Although EAN has 
been widely studied, some important aspects and properties 
are not deeply analysed and discussed for this IL and others 
alkyl-ammonium cation family ILs [1]. Alkyl-ammonium 
nitrate ILs are included in the subcategory of protic ILs 
(PILs), which are usually prepared by proton transfer from 
acid to organic bases [2, 3]. Hence, they present the advan-
tages of being cheaper and easier to synthesize and more 
harmless compared with the aprotic ILs (APILs) but with 
weakness of the water affinity and shorter thermal stability 
than aprotic [4–7].

Due to their tuneable properties [5, 8–13], this new 
family of green solvents has been recognized as a clear 
and viable alternative in a huge variety of industrial pro-
cesses in which the use of aqueous or organic-based media 
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is not convenient. These compounds have represented a 
revolution in the field of solvents for advanced devices, 
for synthesis and catalysis or thermal fluids of high liquid 
range and enormous stability. A large set of ILs meet all 
the requirements to be classified as smart materials, since 
they usually present great variations of their properties 
with the modification of external variables such as water 
content, temperature, and electric field. Therefore, these 
compounds, pure or in mixtures with other substances 
(salts, solvents, etc.), can be used, for example, in elec-
trochemistry purposes [14, 15] as elements of fuel cell 
electrode reactions and electrolytes for next generation 
batteries. The study of mixtures of these systems with 
cosolvents and inorganic salts of electrochemical inter-
est (Li, Na, Mg, Ca, Al) [16] or transition metals or rare 
earth salts for their magnetic or optical properties—ther-
mochromism and luminescence—has undergone a strong 
development during last years [17].

ILs have also been considered as candidates to replace 
conventional heat transfer fluids (HTFs), a heat transporter 
from a heat source to another heat demander as, for exam-
ple, water, silicone polymers, synthetic fluids derived from 
mineral oils, benzenes or fluorocarbon designed to provide 
a precise control of temperature with applicability in solar 
collectors and refrigerator systems, among others [8, 18–20]. 
Three categories have been defined for the HTFs regarding 
their temperature range operation: low temperature (up to 
290 °C), medium temperature (290–590 °C) or high tem-
perature (more than 590 °C) HTFs [21].

Other interesting application of ILs in which different 
research groups have worked in recent years is as absorbents 
in absorption heat pumps with water or alcohol as refriger-
ants [8, 12, 22, 23]. The advantage of absorption systems 
against compression systems is the possibility of recovering 
residual heat or be powered by solar energy for their opera-
tion, instead of use electric power for mechanical compres-
sors [12, 23]. The commercial absorption systems present 
problems of corrosion, crystallization, volatility or toxicity 
with the current (refrigerant/absorbent) working pairs,  H2O/
LiBr or  NH3/H2O. New working pairs with ILs can solve or 
minimize these problems.

In summary, among other applications of ILs, the energy 
harvesting, transport and storage are subject of the highest 
scientific relevance. Hence, thermophysical characterization, 
such as thermal conductivity, heat capacity, density and vis-
cosity, must be performed before an IL can be chosen as a 
smart material in these energetic applications.

It is important to note, as it is well known, that among 
the previously mentioned properties, ILs usually are hygro-
scopic and highly viscous, which for most authors is a disad-
vantage. But this high hygroscopicity makes them ideal can-
didates for moisture detection due to the huge variation of 
their electrical conductivity, and furthermore, the addition of 

a molecular cosolvent like water (or carbonates) can reduce 
the viscosity [8, 22].

Also, it is well known that these protic ILs are nanostruc-
tured liquids with separated polar and apolar regions on the 
bulk, with the charge distributed in a large molecular volume 
with feeble electrostatic interactions and important H-bonds 
network [24, 25]. Although these ILs are the first to have 
been synthesized, most of their thermal and transport prop-
erties, essential for these applications, are unknown; only, 
Bouzón-Capelo et al. [26] present values of density, surface 
tension, viscosity and electrical conductivity for EAN, pro-
pylammonium nitrate (PAN) and butylammonium nitrate 
(BAN) and Ausín et al. [27] analyse the influence of small 
quantities of water in EAN and PAN on the density, vis-
cosity, electrical conductivity, refractive index and surface 
tension.

The aim of this work is to characterize relevant ther-
mophysical properties of these ILs, completing the results 
of Bouzón-Capelo et al. and those of Ausín et al. [26, 27] 
reporting the liquid range window, heat capacity, density, 
viscosity and thermal conductivity, of pure and dried alkyl-
ammonium ionic liquids EAN, PAN and BAN and to com-
pare these results with the obtained for the same water satu-
rated ionic liquids in terms of the mesoscale structure.

Materials and methods

Chemicals

Three protic ionic liquids, ammonium based with different 
alkyl chain length and common anion, nitrate, provided by 
IoLiTec were studied in this work: EAN, PAN and BAN. 
Identification names, abbreviations, CAS numbers, chemi-
cal structures, molecular mass and mass fraction purities are 
presented in Table 1.

Samples were previously purified by a vacuum pump dur-
ing at least 24 h before the thermophysical characterization, 
being water contents below 100 ppm in all cases (determined 
by Karl Fischer titration). To analyse the influence of envi-
ronmental water on the thermophysical properties, samples 
of the three ILs were exposed in an open vial to ambient 
conditions of humidity and temperature until saturated level 
of humidity was attained.

Experimental

Phase transition determination

A differential scanning calorimeter DSC Q100 from TA 
Instruments was used to determine the different phase tran-
sitions experimented by the pure ILs during heating and 
cooling cycles. Samples, without further purification, were 
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placed in a 40-mL hermetically sealed aluminium pan with 
a pinhole at the top of the cover. Each sample (3–5 mg) 
was subjected to four ramps, two in cooling and two in 
heating mode, with an isothermal step between them: (a) 
heating from (25 to 120) °C at 10 °C  min−1, (b) isother-
mal step at 120 °C during 45 min to remove impurities 
and to erase the thermal history of the sample, (c) cooling 
from (120 to − 85) °C at 5 °C  min−1, (d) isothermal step at 
-85 °C during 5 min and (e) heating from (− 85 to 100) °C 
at 10 °C  min−1 and (f) cooling from (100 at − 85) °C at 
5 °C min.−1. Transitions temperatures were determined from 
the DSC curves, as the onset points of the different peaks, 
during the reheating and re-cooling steps. Temperature and 
heat of melting of indium were used for calibration. [15, 28]

Thermogravimetric analysis

Thermogravimetric analysis has been performed to study 
the thermal stability of the BAN and PAN ILs and to com-
pare it to the previously obtained results for thermal stability 
of EAN [15]. Dynamic mode was employed to analyse the 
short-term thermal stability under dry air and  N2 atmos-
pheres. Dynamic scans were performed from (50 to 800) °C 
with a heating rate of 10 °C  min−1 and a purge gas flow of 
20  cm3  min−1. Samples of 3–5 mg were placed in an open 
platinum pan. Each analysis was performed three times. 
To determine the long-term thermal stability, isothermal 
analysis under  N2 atmosphere at temperatures lower to tonset 
obtained in dynamic scans was done. In previous papers [7, 
10, 28] more details about the methodology of this isother-
mal study are included. It was previously stated that water 
content does not influence on this analysis [29].

Density

Density of the three pure ILs and their saturated forms 
at atmospheric pressure were measured from (288.15 to 

368.15) K using a rotational automated Anton Paar Stabin-
ger SVM3000. This apparatus [30] is equipped with a 
vibrating tube and permits measurements of the densities 
with an uncertainty of 0.0005 g  cm−3. The temperature of 
the cell is controlled through an integrated thermostat with 
cascaded Peltier elements and measured with a Pt100 ther-
mometer with an uncertainty of 0.02 K. This device has been 
described widely in previous papers [22, 31].

Heat capacity

Specific heat capacities were obtained using the isother-
mal step method with a Micro DSCIII differential scan-
ning calorimeter from Setaram, France. Calibration was 
performed using a Joule effect calibration vessel (Setaram) 
and checked using n-decane and squalane (Sigma-Aldrich 
99%) as heat capacity standards [32]. Background noise of 
the Micro DSCIII was less than 3 µW. Dynamic scans of 
samples of around 0.8 mL were performed at a heating rate 
of 0.25 K  min−1 in the temperature interval (293.15–348.15) 
K. Squalene was used as the reference fluid to determine the 
heat capacity values due to the similar values of heat flow 
and to the high precision of the available literature data [32]. 
The experimental technique and procedure has been deeply 
previously described [33, 34], and the standard uncertainty 
in  Cp experimental values is estimated to be 0.002 J  g−1  K−1.

Thermal conductivity

Thermal conductivity data were collected using a TEMPOS 
Thermal Properties Analyser from METER Group. The tran-
sient hot-wire method is the principle of measurement of 
this equipment [35]. The meter was a thermal probe KS-3 
(1.3 mm diameter, 60 mm length) that contains a heater and 
a temperature sensor inside. This sensor has an accuracy of 
10% in a range of 0.02–2.00 W  m−1  K−1 for thermal conduc-
tivity and 0.001 K for temperature measurements. A sample 

Table 1  Structure, identification, molar mass and mass fraction purity of selected ILs

Name Abbreviation CAS 
number

Chemical structure Molecular mass/g 
 mol−1

Mass 
fraction 
purity

Ethylammonium nitrate EAN
C2H8N2O3
22,113–86-6

 

108.10  > 97

Propylammonium nitrate PAN
C3H10N2O3
22,113–88-8

 

122.12  > 97

Butylammonium nitrate BAN
C4H12N2O3
58,888–50-9

 

136.15  > 97



6702 J. J. Parajó et al.

1 3

volume of 10  cm3 approximately must be introduced in a 
sealed glass vial. The probe must be vertically placed into 
the sample to minimize convective effects. Once the sample 
is inside the vial, this is fully immersed in a temperature-
controlled water bath (PolyScience). Thermal conductivity 
measurements were repeated 5 times for each temperature. A 
delay of at least 15 min was maintained to ensure complete 
equilibration between each pair of data determination. One 
minute reading time is necessary for each of the five meas-
urements. Thermal conductivities were measured over the 
temperature range from (293.15 to 323.15) K in 5 K steps.

This device does not require calibration, only periodic 
verification of the sensor. This verification was done by 
measuring a known thermal conductivity standard (glyc-
erin) [36].

Viscosity

The dynamic viscosities of the three dried and saturated ILs 
were measured under air atmosphere using two methodolo-
gies. Firstly, to verify the Newtonian regime, a rheometer 
TA Instruments AR2000 stress control, with a Peltier cool-
ing device that controls the temperature value was used. 
A geometry of cone and plate with a diameter of 60 mm, 
an angle of 1° and a truncation of 28 µm was employed. 
Both the sample and the geometry were covered with a lid 
to avoid the exchange of atmospheric water with the envi-
ronment. From this rheology studies, the viscosity values 
were obtained with temperature sweep stepped tests with 
a temperature increment of 5 K and 3 min of equilibration 
time before each measurement, 10 Pa of oscillatory stress 
(selected in a preliminary study in the linear viscoelastic 
region of the liquids) and 1 Hz of frequency. The tempera-
ture range of the experiment was (283.15–338.15) K.

The second methodology used is the rotational auto-
mated viscometer Anton Paar Stabinger SVM3000, also 
used to density determinations. Dynamic and kinematic 
viscosities from (278.15 to 378.15) K, in a viscosity range 
from 0.2 mPa s to 20 Pa s with an experimental expanded 
uncertainty of 1% [30] were measured [37, 38]. Comparison 
between dynamic viscosities obtained from both methods 
was performed.

Effects of the absorption of the environmental 
water on the thermophysical properties

With the aim to determine the changes of thermophysical 
properties due to water absorption capacity of these ILs, 
samples of EAN, BAN and PAN were exposed to the atmos-
phere for several days in an open recipient at ambient tem-
perature and humidity until saturation. Density, heat capac-
ity, viscosity and thermal conductivity of these samples were 
determined using the same methodologies indicated above. 

The water content of the ILs was measured by gravimetry. 
As it was expected, the three ILs undergo a high increase 
of their masses due to the high-water affinity of PILs. It has 
also been observed that the equilibrium was attained after 
one week, but they were exposed 20 days to check if this 
equilibrium was stable, confirming that water uptake oscil-
lated depending on the relative humidity of the environment, 
which is extremely sensible to weather changes.

Mass and mole fractions of water after 20 days of expo-
sure of every IL are shown in Table 2. Water mole fraction 
was calculated as:

Molecular mass of saturated samples (Mmss) was calcu-
lated as:

where γ is the relation between the mole fraction of water 
and the IL.

As it can be seen, the lower the molar mass (or the alkyl 
chain length) of the IL, the greater the water uptake, as it 
could be expected since the hydrophilicity decreases with 
the chain length [39].

Results and discussion

Liquid range

For the correct determination of the liquid range, defined as 
the range between melting and thermal degradation tempera-
tures, impurities (e.g. water content) must be removed [28], 
especially for thermal transition at low temperatures. For this 
purpose, an isothermal step was introduced in the DSC rou-
tine, as it was previously pointed out. The determination of 
liquid range has only been done for the dried samples since 

(1)xH2O
=

nH2O

nH2O
+ nIL

(2)Mmss
= MmIL

+ �MmH2O

(3)�=
�H2O

�IL

Table 2  Water content of saturated EAN, PAN and BAN samples in 
% in mass of dry IL, corresponding mole fraction of water and molec-
ular mass of the mixture

IL Water uptake/% Water mole 
fraction

Molecular 
mass/g  mol−1

EAN 22.5 0.574 132.41
PAN 15.2 0.507 140.7
BAN 10.2 0.435 150.0
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in previous reports it has been concluded that water does not 
significantly affect the liquid window [28, 40].

DSC phase transition analysis

The DSC curves corresponding to the last heating and cool-
ing steps performed at 5 °C  min−1 are shown in Fig. 1. To 
better visualize the thermal transitions, the curves were 
presented in a narrower range temperature than the experi-
mental one.

It can be seen in Fig. 1a and b that EAN presents a cold-
cold transition at − 44 °C followed by a melting at 12 °C 
in the heating ramp, and a freezing point at − 27 °C in the 
cooling ramp, as previously reported [15]. In the case of 
PAN, no cold–cold transition is observed, and melting and 

freezing transitions were detected at 5 and − 28 °C, in heat-
ing and cooling ramps respectively. BAN is solid at room 
temperature and this behaviour is observed on his thermal 
transitions; a cold-cold transition and a melting at − 38 and 
40 °C were observed in the heating ramp, respectively, and 
a freezing point is detected at − 6 °C.

Table 3 summarizes the thermal transitions obtained from 
DSC curves of the three ILs in cooling and heating ramps. 
Results for EAN have been previously reported [15]. Never-
theless, they are shown in this table for a better comparison. 
The three ILs showed a crystalline behaviour, characterized 
by a freezing process (exothermic peak in cooling ramp) 
and a melting process (endothermic peak in heating ramp). 
Additionally, EAN seems to have more difficulties to crys-
tallize due to the presence of a clear cold crystallization 

Fig. 1  DSC profile comparison 
on heating (a) and cooling (b) 
ramps for EAN (red circles), 
PAN (blue triangles) and BAN 
(green squares) PILs
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peak (exothermic in heating ramp), which is not so clear 
for PAN and BAN. Moreover, due to the fact that freezing 
temperatures are markedly lower than melting temperatures, 
a clear supercooling effect, typical in ILs [29, 41], has been 
observed for the three ILs.

Scarce bibliographic data can be found for these ILs, 
except for EAN, as we pointed out in our previous paper 
[15]. Results of Atkin and Warr [42] are in good agreement 
with our results of melting temperatures of EAN and PAN. 
Likewise, I. Vázquez Fernández in her Ph-D thesis [43] pre-
sents similar values for the melting point of the three ILs, 
but surprisingly the paper of Canongia et al. [44], which is 
an article originated from this Ph-D thesis, indicates a melt-
ing point of 183 °C for BAN, far from our results, which is 
clearly a mistake, also taking into account that this paper 
shows different thermophysical properties associated to liq-
uid state at 40 °C.

PAN shows the lowest melting temperature and BAN 
the highest, seeming that the odd and even number of alkyl 
chain groups presents different behaviour, increasing the 
melting point with the length, although it must be corrobo-
rated with additional studies.

Thermal stability

Dynamic study. TG and DTG curves of the three selected 
ILs in dynamic mode under air and nitrogen atmospheres 
can be seen in Figure S1 (see electronic supplementary 

material, ESI). As with DSC study, thermal stability of 
EAN has been previously studied and reported [15] and here 
included for the comparison with PAN and BAN. All ILs 
show a unique step in thermogravimetric curve and a unique 
peak in DTG curve. Thermal stability parameters obtained 
from the curves of the three ILs are shown in Table 4. Onset 
and endset temperatures, tonset and tendset, respectively, as 
well as Wonset, t10% and tpeak, were determined following the 
criterion indicated in previous works [4, 15]. No significant 
differences between the values of the onset temperature in 
the two atmospheres for this group of ammonium based ILs 
were observed. The difference between the onset tempera-
tures in both atmospheres, which is within the conventional 
experimental error, states that there is no influence of the 
atmosphere in this type of results, indicating that an oxygen 
independent mechanism, such as evaporation, is the main 
mechanism for the loss of mass for these ILs [5, 15].

These ILs exhibit similar onset temperatures, as it can 
be expected, taking into account the strong influence of 
the anion on this property, although the alkyl chain length 
tends to slightly reduce the thermal stability, which is low 
compared to other aprotic ILs frequently studied, such as 
those containing [OTf] or  [NTf2] anions, whose tonset val-
ues fall around 400 °C [45–47] that is, more than 150 °C 
above the values of the three ILs here reported.

In the same way as for temperature of the thermal tran-
sitions, scarce previous references can be found in the lit-
erature and values are in relatively good agreement with 

Table 3  Temperature, enthalpy and entropy of melting per gram and per mol of sample (tm, ΔHm and ΔSm), temperature and enthalpy of freez-
ing per gram of sample (tf and ΔHf), and temperature and enthalpy of cold crystallization (tcc and ΔHcc) of the ILs

Experiments were performed under an atmospheric pressure of (1008 ± 10) hPa and a relative humidity of (55 ± 10)%
Expanded uncertainties are U(t) = 6 °C and  Ur(ΔH) = 4% [0.95 level of confidence (k = 2)]

IL tf/°C tm/°C tcc/°C ΔHcc/J  g−1 ΔHf/J  g−1 ΔHm/J  g−1 ΔHm/kJ  mol−1 ΔSm/J  g−1  K−1 ΔSm/J 
 mol−1  K−1

EAN [15]  − 27 12  − 44 30 76 122 13.2 0.43 46
PAN  − 28 5 – – 71 8.6 0.25 31
BAN  − 6 40 -38 47 126 17.1 0.40 55

Table 4  Onset and endset temperatures (tonset, tendset), temperature at 90% of remaining mass (t10%), sample remaining mass (in %) at onset tem-
perature  (Massonset) and temperature of the minimum of DTG (tpeak) from the dynamic scans (10 °C  min−1) in air and nitrogen atmospheres

Experiments were performed with (979 ± 2) hPa of atmospheric pressure, and relative humidity of (75 ± 16) %

IL Atmosphere tonset/°C tendset/°C t10%/°C Massonset/% tpeak/°C H2O/%

EAN [15] air 245 262 235 76 257 5
N2 248 265 240 73 260 9

PAN air 241 258 218 70 255 2
N2 244 259 223 72 255 2

BAN air 231 248 231 88 242 2
N2 235 247 230 83 244 2
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our results despite the different criterion used to establish 
the onset temperature of this degradation process [43, 48].

Isothermal study. As it is well known [7], the onset tem-
perature can be used as a parameter that characterizes the 
relative thermal stability (or short thermal stability), that is, 
to determine which IL within a certain group of ILs is the 
most or the least stable when exposed to high temperatures. 
Although it is not a definitive parameter to guarantee no 
degradation if this substance is exposed to this temperature. 
As it can be seen in Table 4, the mass loss that takes place at 
the onset temperature (100—Wonset) reaches values between 
12 and 30%, which are too high to ensure the IL has not 
suffered appreciable degradation. In the same way, Figure 
S2 in ESI shows the mass loss of PAN and BAN under  N2 
atmosphere obtained at several isothermal temperatures. As 
it can be seen, both ILs have a significant degradation in 
short times at temperatures lower than the corresponding 
tonset obtained in dynamic scans. Table  5 shows the mass 
loss percentage after 50  min at different temperatures, all 
lower than tonset, where it can be seen that EAN and PAN ILs 
have the same stability, although BAN presents the higher 
mass loss percentage at 180 °C, as expected for the IL with 
the lowest tonset. This conclusion is also clear in Figure S3 in 
ESI that shows a comparison of the isothermal behaviour at 
180 °C for EAN, PAN and BAN.

Definitely, the onset temperature overestimates the ther-
mal stability, as it has already been pointed out by numer-
ous authors [4, 49–52]. Therefore, for characterizing the 
long-term stability of these compounds, it is necessary to 
carry out a more in-depth and exhaustive analysis to estab-
lish more realistic parameters as for example the maximum 
operation temperature (MOT) [52]. Considering the small 
differences between the dynamic stability results obtained 
in air and  N2 atmospheres, this analysis has only been done 
under  N2 atmosphere.

Maximum operation temperature (MOT). Taking the previ-
ous consideration into account, the definition of a param-
eter that allows the characterization of the thermal stability 
for different degradation levels was necessary. Up to now, a 
clear criterion on the maximum degradation level at which 
the fluid retains its usual properties does not exist. It is pos-
sible to find in the literature a wide range of conditions 
depending on the application and on the mechanism of mass 
loss [51, 53, 54] as we already emphasized in our study of 
EAN [15].

In previously reported manuscripts, we introduced and 
compared different methodologies to calculate the MOT, 
using dynamic and isothermal scans [10, 15]. In this work 
we used two different criteria, one based on dynamic study 
and the other on isothermal study. The first one is the cri-
terion of Wooster et al. [51] that suggested that the indica-
tor of the thermal stability is the temperature at which 1% 
degradation occurs in 10 h (T0.01/10 h), which is calculated 
from the equation:

being T(dW/dt)≠0 the temperature, in Kelvin, at which the first 
appreciable mass loss occurs, calculated as the tempera-
ture where DTG curve starts to separate from the baseline. 
Results of the MOT calculated from this method (tWooster) for 
the three ILs are presented in Table 6.

The second procedure is proposed by Efimova et al. [52] 
who took into account an acceptable maximum level of deg-
radation of 1%. They proposed the use of Eq. (5) to calculate 
the MOT against time of operation (tmax):

where EA is the activation energy of degradation process, 
and A corresponds to the adjusted parameters of Arrhenius 
equation, which links the rate of loss mass (k) of every tem-
perature with EA 

(

k = A ⋅ e
−EA
R⋅T

)

 [7, 10], R the constant of 
ideal gases and tmax is the maximum time of exposition. 

(4)T 0.01

10h

= 0.82T( dW

dt

)

≠0

(5)MOT =
EA

R
[

4.6 + ln
(

A ⋅ tmax

)]

Table 5  Mass loss after 50 min of exposure at the different isother-
mal temperatures

IL Temperature/°C Mass loss/%

EAN 140 3
160 7
180 18

PAN 140 2
160 5
180 15

BAN 140 2
160 6
180 24

Table 6  MOT (in °C) using the criteria of 1% of loss mass in 10  h 
estimated from Wooster (tWooster) [51] and Efimova (t0.01/10  h) [52] 
methods, and adjusted parameters of Arrhenius behaviour for isother-
mal scans

*Uncertainties of this method are estimated in 10–15%

IL Temperature 
Wooster/ °C

Activation 
energy/kJ  mol−1

lnA Tempera-
ture0.01/10 h 
/°C

EAN 82 ± 5 94 ± 3 24 ± 1 42*
PAN 74 ± 5 86 ± 7 21 ± 2 42*
BAN 78 ± 5 102 ± 8 26 ± 3 55*
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Table 6 presents the values of these adjusted parameters  (EA 
and lnA) of Arrhenius equation for these ILs. From these 
data a chart that relates the MOT and the degradation time 
is presented in Fig. 2. Additionally, the MOT corresponding 
to a degradation level of 1% in 10 h was calculated from this 
chart and expressed in Table 6, obtaining values lower than 
the corresponding to Wooster methods, similarly that those 
reported for different ILs and lubricant bases in a previous 
paper [10].

Density measurements

Density values for the dried and environmentally saturated 
ILs in the temperature range from 288 to 368 K are pre-
sented in Fig. 3a and summarized in Table S1-ESI.

As it can be seen, density decreases linearly (with similar 
negative slope) with temperature, as can be expected [22, 55] 
for all the ILs, dry and water saturated. Fitting parameters 
are shown in Table 7. The trend followed by this property in 
dry ILs is 𝜌EAN > 𝜌PAN > 𝜌BAN , that is the density increases 
upon the decrease of the alkyl chain length. Despite the dif-
ferent water content of every saturated IL, as we pointed out 
in Table 2, the water absorbed does not change the trend, 
although some differences are exposed later in this section.

The trend followed by the density of dry ILs can be 
explained taking into account the increasing difficulties of 
forming hydrogen bonds with increasing length of the cation 
related with increasing electrostatic repulsions, hindering 
the packing and making less dense the ILs with the longer 
alkyl chain [26].

Although these ILs are well known, the number of refer-
ences is scarce. Table S2 ESI shows a comparison between 
density values for pure ILs and those reported in the litera-
ture [26, 44, 48, 56–61]. There is a good agreement in all 
cases, being the small observed differences associated to 

possible impurities in the samples or to the different experi-
mental methodology used.

Moreover, it can be observed that the higher the water 
content, the higher the decrease in density values for the 
saturated samples regarding pure IL, which is not surprising, 

Fig. 2  Maximum operation 
temperature (MOT) of the 
selected ILs
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due to the lower density of water relative to pure ILs. Thus, 
for example, at 298 K, density of EAN shows a decrease of 
2.97%, 1.20% for PAN and only 0.38% for BAN; all of them 
calculated relative to the density values of the dried ILs at 
298 K. As we pointed out previously, density of water satu-
rated ILs fits well to a linear equation (see Table 7) although 
the absolute value of the slope is higher than that corre-
sponding to dry ILs.

Also, relatively good agreement with the limited refer-
ences can be found for the density of water saturated ILs. 
Thus, Zarrougui et al. [56] determined the dependence of 
density for the mixture EAN–water at different molar frac-
tions, obtaining for a molar fraction of 0.4210 a density 
value of 1169.4 kg  m−3 at 298 K, which is next to our value 
for saturated EAN of 1174.2 kg  m−3 (which corresponds to 
a EAN mole fraction of 0.426). Segade et al. [58] studied 
mixtures containing alkyl-ammonium nitrates and water at 
298.15 K obtaining for 0.3394 and 0.6031 molar fractions 
of EAN values of 1163 and 1191 kg  m−3, respectively, well-
matched with our results. These authors also obtained a den-
sity value of 1101.8 ± 2 kg  m−3 for a molar fraction of BAN 
of 0.638, which is comparable to the value of 1100.8 kg  m−3 
here obtained for saturated BAN, whose molar fraction in 
BAN is 0.565. Xu [61] obtained for this last IL a value of 

1098.8 ± 0.19 kg  m−3, which is also in good agreement with 
the results here shown.

From density measurements, the thermal expansion 
coefficient can be determined. Figure 3b presents the values 
of this parameter for pure and water saturated ILs, which 
increases with the chain length of the cation, similarly 
than Bouzón-Capelo et al. [26] observations. Saturated ILs 
present higher values of the thermal expansion coefficient 
than pure ILs, possibly associated to that water solvates the 
anion-forming clusters and decreasing the coulombic forces 
in the structure of the ILs [62, 63].

Heat capacity analysis

The isobaric specific heat capacity (cp), for the dried and 
saturated ILs between (293.15 and 348.15) K are presented 
in Fig. 4a and included in Tables S3 and S4 of ESI. Samples 
were in the liquid state throughout the studied temperature 
interval. As usual, cp increases with temperature. The three 
ILs here studied have the same anion, and the cation only 
differs in a methyl group. Nevertheless, light differences in 
the cp values were obtained, being the observed sequence for 
dried ILs, EAN < PAN < BAN. In case of saturated samples, 

Table 7  Fitting coefficients 
obtained from the linear 
correlation (ρ = a + bT) of 
density and temperature for the 
dried and saturated ILs

IL a ± s(a)/ g  cm−3 b ± s(b)/g  cm−3  K−1/10–4 R2

EAN Dried 1.3839 ± 0.0005  − 5.83 ± 0.02 0.99998
Saturated 1.3663 ± 0.0002  − 6.44 ± 0.01 0.99998

PAN Dried 1.3229 ± 0.0004  − 5.79 ± 0.01 0.99993
Saturated 1.3242 ± 0.0002  − 6.29 ± 0.01 0.99998

BAN Dried 1.2806 ± 0.0004  − 5.89 ± 0.01 0.99994
Saturated 1.2866 ± 0.0003  − 6.23 ± 0.01 0.99995
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the tendency is the opposite, EAN > PAN > BAN, which is 
not surprising because the saturated EAN has the higher 
water content. For example, at 298 K, the per cent change 
of isobaric specific heat capacity is 19.3% for EAN, 14.1% 
for PAN and 9.6% for BAN.

The isobaric molar heat capacities values, Cp, for the 
selected ILs between (293.15 and 348.15) K are plotted 
against temperature in Fig. 4b (values are summarized in 
Tables S3 and S4 of ESI). In this case, the sequence with the 
temperature for this property is the same for both, dried and 
water saturated ILs (EAN < PAN < BAN). This is in agree-
ment with the observation of Zorebsky et al. [64], which 
indicates that Cp often correlates with molar mass, since 
degrees of freedom of the molecule strongly increase with 
the alkyl chain length of the cation. This agrees with our 
experimental data because molar masses are 132.4, 140.7 
and 150.0 g  mol−1, for saturated samples of EAN, PAN and 
BAN, respectively, which means that the tendency in this 
property does not change with water.

Up to our knowledge, no data about isobaric molar heat 
capacity can be found in literature for the studied ionic liq-
uids. Only in the case of EAN a value of (207.47 ± 0.51) 
J  mol−1  K−1, obtained through flow calorimetry at 298.15 K, 
was published by Allen et al. [57], which is in fairly good 
agreement with the value of 204.06  J   mol−1   K−1 here 
obtained at the same temperature. The small discrepancy 
can likely be due to the lower water content in the EAN 
sample analysed in the present work.

Heat energy storage density, which is directly related to 
the volumetric heat capacity, is a critical parameter (more 
important than specific heat) for using these fluids as heat 
accumulators or heat carriers [65]; thus, higher values of 
this parameter allow lower temperatures in the bearing gaps 
[66]. Volumetric heat capacity data corresponding to the 

dried and saturated ILs have been obtained as the product of 
heat capacity (in J  g−1  K−1) and density values (in g  cm−3), 
and they are shown in Fig. 5 and summarized in Tables S3 
and S4 (ESI).

Some authors have previously determined volumetric 
heat capacities of ILs; among them, Salgado et al. [66] have 
analysed some ILs of the most commonly studied fami-
lies, imidazolium and pyrrolidinium ones. These authors 
have observed that the heaviest ILs present higher values 
of volumetric heat capacities than the light ones, although 
in the present work this tendency is clearly the opposite 
EAN > PAN > BAN, for both pure and saturated ILs. This 
fact can be explained considering the small differences of 
the molecular mass of the samples since they just incre-
ment in a methyl group among each other. Salgado et al. 
also found lower values for imidazolium and pyrrolidinium 
than for those here studied, so the selected compounds of 
the present manuscript could be better lubricants for hydro-
dynamic bearings.

Thermal conductivity analysis

Thermal conductivity of ILs is one of the most important 
properties of fluids of heat transfer it is one of the least stud-
ied, although it is well known that the thermal conductivity 
for many molecular solvents should decrease with increasing 
the molecular size of compounds [21].

The thermal conductivity data for the three ILs, both 
dried and saturated, was studied in the temperature range 
from (293.15 to 323.15) K. Five values for each tempera-
ture and the corresponding mean and standard deviations are 
presented in Table S5 and Table S6 (see ESI document) for 
dried and saturated samples, respectively. Figure 6 shows the 
mean value of the thermal conductivity versus temperature 
for all the analysed samples. All the liquids exhibited ther-
mal conductivity values within the range (0.19 to 0.25) W 
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 m−1  K−1, according to previously reported data [24]. These 
PILs show higher values of this property than other ILs, as 
can be seen in the literature [21, 67], similar and even higher 
than other conventional solvents as ethylene glycol, metha-
nol and toluene, although these values are always lower than 
the corresponding to water. [67].

Cation alkyl chain length has an important effect on this 
property, decreasing with the number of alkyl groups, simi-
larly to density [26], and PILs seems to have higher values 
of thermal conductivity than APILs, due to the extensive 
H-bonding structure [24]. Thermal conductivity behav-
iour can be explained by the pseudolattice phonon hopping 
model, widely described by Carrete et al. [25] and Murphy 
et al. [24]. These authors point out that thermal conduction 
can be associated to the vibrations generated in the polar 
regions of the ILs, which is similar for the three ILs here 
studied, whereas the apolar domains, the alkyl chain, pre-
sents a barrier to phonon hopping, which increases with its 
length, provoking a decrease in this property.

In the case of dried samples of the three ILs, a linear 
dependence between the temperature and the thermal con-
ductivity was found. A slightly decrease of the thermal 
conductivities of each IL was observed as the temperature 
increases, as it was pointed out by other authors for similar 
and other ILs [24, 68, 69]. The experimental data for dried 
samples were fitted with a linear correlation with tempera-
ture. Table 8 collects the parameters of the linear fitting for 
each IL. This type of simple correlation is very useful for 
engineering applications involving heat transfer over a range 
of temperatures.

A significant increase on the thermal conductivity with 
water content was observed, being all saturated ILs ther-
mal conductivity values within the range (0.20 to 0.37) 
W⋅m−1  K−1, as can be also seen in Fig. 6. Up to our knowl-
edge, no data have been reported in the literature for the 
thermal conductivity of mixtures of these ILs and water, 
except for PAN-water mixtures at the unique temperature of 
293 K in the study of Murphy et al. [24]. In that work, for a 
molar fraction of PAN of 0.45, a value of 0.25 W  m−1  K−1 
can be estimated from the manuscript figure, which is in 
good agreement with the value of 0.2598 W  m−1  K−1 here 
reported for PAN saturated sample with molar fraction of 
0.493. These researchers attribute this increase to changes 

in the nanostructure of the phonon hoping pseudolattice in 
the sense of the water swells the polar domain reducing the 
relation apolar/polar volume fraction, and hence decreasing 
the barrier to phonon hopping.

As can be seen in Fig. 6 the water content seems to 
have an important effect on the behaviour of this property 
with temperature of saturated ILs. Thus, while the thermal 
conductivity of dry EAN decreases with temperature, this 
tendency changes for the saturated sample from 298 K and 
the thermal conductivity increases with temperature. This 
phenomenon may be due to the fact that this IL showed the 
highest water content, and the thermal conductivity of water 
increases with increasing temperature [70]. A similar effect, 
but less intense, was observed for saturated PAN, whose 
minimum is observed at higher temperatures than EAN. In 
case of saturated BAN, whose water content was the low-
est, no significant changes in the decreasing tendency were 
observed when comparing with the dried sample. In terms of 
the so-called enhancement of the thermal conductivity [21], 
that is the change of the thermal conductivity relative to the 
value for the dried IL, the larger change was observed for 
EAN, that oscillated between 27% at 293 K to 58% at 323 K, 
followed by PAN with values between 20 and 28% for the 
same temperatures, and finally by BAN whose values were 
almost independent of temperature, varying between 10 and 
6%, at 293 and 323 K respectively.

Rheological measurements

Dynamic viscosities of dried and saturated samples were 
determined using a viscometer Anton Paar Stabinger 
SVM3000 and a TA Instruments AR2000 stress control 
rheometer, following the methodology indicated in mate-
rials and methods section. A preliminary study was per-
formed by means of continuous flow experiments using 
the Peltier device and the cone geometry previously men-
tioned to determine the linear viscoelastic region (LVR) 
of the six selected fluids. In all cases a broad interval was 
obtained; the three ILs showed a Newtonian behaviour 
from 1 to  105  s−1 of shear rate. A proper knowledge of 
this region allows the correct selection of the parameters 
employed in the following oscillatory temperature sweep 
experiments, whose procedure was detailed in the section 
of Materials and methods. In Tables S7 and S8 (in ESI) 
viscosity values for dried and saturated samples obtained 
using Anton Paar Stabinger viscometer and TA AR2000 
rheometer, respectively, are shown. Figure 7 shows the 
obtained values for dynamic viscosity using these two 
techniques for the dried and saturated samples. Small 
differences have been detected between viscosity values 
obtained by means of the two techniques. This disparity 
can be due to the difference between experimental proce-
dures to obtain the values of the viscosity. In case of the 

Table 8  Fitting parameters (a and b) for linear equation between ther-
mal conductivity (k) and temperature (T, in Kelvin) (k = a + bT) cor-
responding to dried samples

a ± s(a)/W  m−1  K−1 104 
b ± s(b)/W  m−1  K−2

EAN 0.460 ± 0.008  − 7.1 ± 0.3
PAN 0.320 ± 0.009  − 3.5 ± 0.3
BAN 0.284 ± 0.008  − 2.9 ± 0.3
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viscometer, the sample is all time in a closed tube, but not 
in the case of the rheometer, where the side edge of the 
sample is surrounded by air. To avoid as much as possible 
the interaction of the sample with the surrounding air, a lid 
was put around the geometry and the sample. As it can be 
seen in Fig. 7, the largest discrepancies have been obtained 
for saturated samples. This is probably due to the huge 
instability of the water content on the saturated samples, 
which, as it was cited before, can easily change with small 
alterations on the environmental humidity. In case of dried 

samples, these differences are much lower and decrease as 
the temperature increases.

As it can also be observed in Fig. 7, for all studied 
samples, viscosity decreases with increasing temperature. 
As the viscosity decreases with temperature, the effect of 
water is much less important, as it was previously pointed 
out by Jacquemin et al. [71].

In Fig.  8a comparison of viscosity of dried ILs (a) 
and saturated ILs (b), using the Anton Paar viscometer, 
is shown. Viscosity increases with increasing alkyl chain 
length, as some authors have previously reported [62, 71, 
72].

An important reduction of the viscosity with the absorp-
tion of water can be observed for the three ILs, ranging 
from more than 90% for EAN, 89% for PAN and 83% for 
BAN at lowest studied temperatures. The trend with alkyl 
chain length is the same than that observed from dried ILs. 
This change in viscosity, which also appears in other trans-
port properties such as electrical conductivity [27], can be 
especially important for designing humidity sensors.

Table S9 ESI collects a comparison of the viscosity data 
here shown with those presented in the literature for dried 
samples [44, 48, 56, 59, 61, 73, 74]. In almost all cases, 
experimental values are comparable with that reported by 
the other authors.

In the case of saturated samples, less data have been 
reported. Zarrougui et  al. [56] presented a viscosity 
value of (5.03 ± 0.12) mPa s at 293.15 K for a mixture 
EAN + water in a molar fraction of EAN 0.421 that is near 
the value of 4.86 mPa s here obtained at the same tempera-
ture for saturated EAN with 0.426 molar fraction. Xu [61] 
reported values of (26.25 ± 0.57 and 15.1 ± 0.33) mPa s for 
a mixture BAN + water with molar fractions in the IL of 
0.6505 and 0.5011, respectively, at 298.15 K, that are in 
concordance with the value of 22.32 mPa s here obtained 
for saturated BAN (with an IL molar fraction of 0.565) at 
the same temperature.

Many studies reviewed that ILs, protic and aprotic, do 
not follow Arrhenius behaviour, due to the well-known 
glass-forming tendency of these liquids, even in mixtures 
with water [75]. The Vogel–Fulcher–Tamman (VFT) equa-
tion (Eq. 6) is one the most used for bringing in the tem-
perature dependence of the viscosity:

Being η0, Tg and Ea adjustable VFT parameters; Tg is a 
temperature 50 K lower than glass transition temperature 
of the material.

In Table 9, parameters obtained from the fittings of vis-
cosity experimental results to VFT equations are shown.
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As it can be seen in Table 9, although in all cases  R2 
≅ 0.99, the lowest uncertainties were obtained for dried 
samples, regardless of the experimental procedure. The 
obtained VFT parameters are in good agreement with 
those obtained by other authors for similar ILs, as it is 
shown in this table.

Conclusions

A thermophysical characterization of three ILs with 
ammonium cations of different alkyl chain length and 
nitrate common anion was performed in this work. The 
main conclusions are the following:

• The three ILs showed a crystalline behaviour, char-
acterized by a freezing process (exothermic peak in 

cooling ramp) and a melting process (endothermic peak 
in heating ramp). A clear supercooling effect can be 
observed for the three ILs. The melting temperature 
follows the trend: PAN < EAN < BAN.

• These ILs present similar onset temperatures in TG 
experiences, between 230 and 245 °C, which are lower 
than the corresponding to aprotic ILs, although the 
alkyl chain length tends to slightly reduce the thermal 
stability. The main mechanism involved in the mass 
loss process seems to be evaporation.

• Density of pure ILs is higher than density of saturated ILs 
throughout the entire temperature interval. This property 
decreases with the temperature as can be expected and 
the rate of decrease (slope of the fit) is similar for pure 
and saturated ILs. Density also decreases with increas-
ing the alkyl chain length for both, dry and water satu-
rated ILs.
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Table 9  Fitting parameters of 
experimental viscosity data 
(RHEO: rheometer, STAB: 
Stabinger) of the studied ILs 
to Vogel–Fulcher–Tamman 
equation and those reported in 
Canongia et al. [44] for dried 
samples

η0 ± s(η0)/mPa s Ea ± s(Ea) /J  mol−1 Tg ± s(Tg) /K R2

EAN RHEO 0.29 ± 0.02 6050 ± 140 149 ± 2 0.999998
STAB 0.206 ± 0.009 6160 ± 120 148 ± 1 0.999997
Canongia et al. 0.2199 6362 148.5

EAN SAT RHEO 0.2 ± 0.1 6000 ± 2000 120 ± 40 0.9997
STAB 0.06 ± 0.02 7200 ± 1000 100 ± 15 0.9997

PAN REO 0.25 ± 0.02 6740 ± 150 154 ± 2 0.999997
STAB 0.193 ± 0.006 7090 ± 80 156 ± 1 0.999997
Canongia et al. 0.2082 6950 156.1

PAN SAT RHEO 0.19 ± 0.03 6000 ± 400 136 ± 5 0.99998
STAB 0.110 ± 0.007 6350 ± 190 130 ± 3 0.99998

BAN RHEO 0.159 ± 0.009 8180 ± 150 146 ± 18 0.999998
STAB 0.159 ± 0.005 7790 ± 80 155 ± 1 0.999998
Canongia et al. 0.2203 6956 162.9

BAN SAT RHEO 0.14 ± 0.11 7000 ± 2000 140 ± 20 0.9996
STAB 0.15 ± 0.01 6500 ± 200 143 ± 3 0.999998
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• The trend for isobaric specific heat for pure ILs is 
EAN < PAN < BAN, although the tendency is the oppo-
site for saturated ILs, EAN > PAN > BAN, reflecting the 
trend of water saturated content for these ILs.

• The sequence followed by the thermal conductivity 
obtained for dried ILs, EAN > PAN > BAN agrees with 
the fact that the cation alkyl chain length has an impor-
tant effect on this property. In case of dried samples of 
the three ILs, a linear dependence between the tempera-
ture and the thermal conductivity was found, decreas-
ing slightly with temperature. For saturated samples, 
the sequence mentioned above was inverted, due to the 
strong effect of water on this property. Thus, at 293 K, 
an enhancement of 27% was obtained for EAN, whereas 
for PAN and BAN were 20% and 10% respectively.

• Similar values of dynamic viscosity of dried and satu-
rated ILs are obtained using two different techniques, 
rheometry and viscometry. In all cases, this property 
decreases with temperature and with water uptake, as 
expected, and experimental values follow with high cor-
relation the VFT equation. Dried and water saturated ILs 
presented the same tendency with the alkyl chain length 
BAN > PAN > EAN.

Results here presented can strengthen the applicability of 
these protic ammonium ILs, for example, as low temperature 
HTFs fluids or absorbents of heat pumps, especially taking 
into account the transport properties improvement, for this 
application, with the absorption of water.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10973- 023- 12194-1.
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