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Abstract 

In this paper, (p,ρ,T) data on 1-butyl-3-methylimidazolium tetrafluoroborate 

[BMIM][BF4] over a wide range of temperatures [T = (273.15 to 413.15) K] 

and pressures p up to 140 MPa are reported. The high quality ionic liquid was 

used during the experiments. The measurements were carried out using an 

Anton-Paar DMA HPM vibrating tube densimeter. The ambient pressure 

density values of [BMIM][BF4] from previous publication of our group, 

investigated in the wide T=(273.15 to 413.15) K temperature interval using 

an Anton-Paar DMA 5000M, DSA 5000M and DMA HPM vibrating tube 

densimeters were used for the analysis of experimental (p,ρ,T) values. An 

equation of state (EOS) for fitting of the (p,ρ,T) data of [BMIM][BF4] has 

been developed as a function of pressure and temperature, and the results are 

discussed. The obtained experimental (p,ρ,T) data were analysed and 

compared with the available literature. The values presented in this work, 

together with the high quality values from various literatures, were prognosed 

for the future practical application of them 
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Introduction 

Ionic liquids (ILs) have great importance due to their excellent thermophysical and 

chemical properties [negligible vapor pressure, large liquidus range, high ionic conductivity, non 

flammability etc.]. These properties of ILs make them good substances in the chemical and 

mechanical engineering industry. For example, they have a large number of applications in: 

catalytic biomass transformation, solvation technology, electronics, Li-Ion batteries, polymer 

industry, separation technology, and liquid-liquid extraction [1-3].  

The work presented here is a continuation of our investigation into the determination of 

thermophysical properties of ionic liquids (ILs) at high pressures and over a wide range of 

temperatures using their (p,ρ,T) properties [4]. In this paper, the new (p,ρ,T) properties of a high 

pure 1-butyl-3-methylimidazolium tetrafluoroborate [BMIM][BF4] sample at wide temperature 

[T=(273.15 to 413.15) K] and pressure [p=(0.101 to 140) MPa)] intervals was studied using a 

high quality Anton-Paar DMA HPM vibrating tube densimeter. The density ρ(p0,T), speed of 

sound u(p0,T), and viscosity η(p0,T) of [BMIM][BF4] at ambient pressure and a wide T=(273.15 

to 413.15) K temperature interval were measured using an Anton-Paar DMA vibration tube 

densimeters, SVM 3000 Stabinger Viscometer, and MCR 302 Rheometer [5-6]. Density, speed 
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of sound, viscosity measurements of various liquids at ambient pressure and wide range of 

temperatures are discussed in [7-10].  

1-butyl-3-methylimidazolium tetrafluoroborate [BMIM][BF4] is a traditional ionic liquid, 

which has been available in the chemical industry for many years. As a result, the chemical and 

thermophysical properties have been previously investigated by many researchers. Nevertheless, 

the obtained experimental values have different deviations between one another, which are 

discussed below: the first literature (p,ρ,T) properties of [BMIM][BF4] were presented by de 

Azevedo et al. [11] in 2005. The results covered T=(298.34 to 332.73) K temperature and 

p=(0.101 to 59.92) MPa pressure intervals. The density uncertainty was estimated as ρ/ρ = ± 

0.02%. In 2006, Tomida et al. [12] measured the density of [BMIM][BF4] at temperatures 

T=(293.15 to 353.15) K and pressures p=(0.1 to 20.0) MPa. The experimental temperature, 

pressure, and density uncertainties were estimated in T = ±10 mK, p = ±0.1 MPa, ρ/ρ = 

±0.2%, respectively.  

There were four experimental works published in 2007: Gardas et al. [13] investigated the 

density of [BMIM][BF4] at wide T = (293.15 to 393.15) K range of temperature and pressures p 

= (0.10 to 10.0) MPa. The temperature was measured with an uncertainty of T = ±0.01 K and 

pressures with a maximum uncertainty of p = ±0.025 MPa. The overall uncertainty in the 

density data is estimated to be ρ = ±1 kg∙m
-3

. Harris et al. [14] investigated two samples of 

[BMIM][BF4]. They used an Anton-Paar DMA5000 vibrating tube densimeter with an 

uncertainty in ρ = ±0.05 kg∙m
-3 

for measuring density at ambient pressure. Jacquemin et al. [15] 

measured the density of [BMIM][BF4] at temperatures T=(292.94 to 414.93) K and pressures 

p=(0.1 to 40) MPa. The uncertainties of measurements were: T = ±3 mK for temperature, p = 

±0.5 % for pressure, and ρ = ±0.1 kg∙m
-3

 for density. Tekin et al. [16] measured the densities of 

[BMIM][BF4] at temperatures T=(298.15 to 413.15) K and pressures up to p=39.85 MPa with 

uncertainties T = ±3 mK for temperature, p = ±5 kPa for pressure, and ρ = ±0.05 kg∙m
-3

 for 

density. 

Machida et al. [17] (2008) tested (p,ρ,T) properties of [BMIM][BF4] at temperatures T = 

(313.10 to 472.20) K and pressures p = (0.1 to 200) MPa. The experimental uncertainty of 

temperature was as T = ±0.1 K, pressure as p = ±0.1 MPa below 100 MPa, and p = ±0.25 

MPa above 200 MPa. The uncertainly in the specific volume measurements was estimated to be 

v = ±0.1%. Han et al. [18] in 2009, determined the density of the binary mixtures of 

[BMIM][BF4] with ethanol, benzene, and acetonitrile over the entire composition range at wide 

T = (293.20 to 433.20) K temperature interval and pressures up to 2 MPa. The uncertainties of 

measurements were: T = ±0.1 K for temperature, p = ±0.01 MPa for pressure, and ρ = ±0.9 

kg·m
−3

 for density. Sanmamed et al. [19] (2010) investigated the density and dynamic viscosity 

of [BMIM][BF4] at T = (283.15 to 323.15) K temperature and p = (0.1 to 60) MPa pressure 

intervals. The uncertainties of measurements were T = ±0.01 K for temperature, p = ±0.01 

MPa for pressure and ρ = ±0.3 kg∙m
-3

 for density. 

In 2011, Klomfar et al. [20] published new density measurements of [BMIM][BF4] at 

temperatures T =(239.754 to 354.156) K and pressures p = (0.1059 to 60.815) MPa with p = 
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10 MPa pressure step. The uncertainty in temperature was in T = ±5 mK and in density ρ = ±1 

kg∙m
-3

. The uncertainty of the pressure measurements were p = (0.002 and 0.01) MPa for the 

range of p = (20 and 100) MPa, respectively. Currás et al. [21](2011) measured density of 

[BMIM][BF4] with 2,2,2-Trifluoroethanol at T =(283.15 to 333.15) K and pressures up to p = 40 

MPa with a temperature uncertainty in T = ±5 mK and pressure in p = ±0.01 MPa, 

respectively. The estimated uncertainty of the density was ρ = ±0.4 kg∙m
-3

. Matkowska and 

Hofman [22] in 2012, studied (p,ρ,T) properties of [BMIM][BF4] at temperatures T=(283.15 to 

353.15) K, pressures p=(0.101 to 35) MPa with the uncertainties in T = ±0.01 K and p = ±0.2 

%. Density uncertainties were ρ = ±0.1 kg·m
−3

 for low pressure, and up to ρ = ±0.2 kg·m
−3

 for 

high pressure.  

Analysis of previous literature, as well as literature reviews carried out by Klomfar et al. 

[20], Matkowska and Hofman [22], reveal that available results are only of limited value, 

because they show large scatter or systematic deviations when compared with other data. 

Consequently, there is a need for careful experimental study of the thermophysical properties of 

[BMIM][BF4] at a wide range of temperatures and pressures, including temperatures below room 

temperature and at high pressures. This is necessary also for the following reasons: 

  There is only one measured density value [17] at high temperatures above p=60 MPa  and 

another one [20] below T = 293.15 K; 

  The literature values have only of limited range of temperature or pressure, and they 

show a large scatter or systematic deviations between them;  

  There are few thermophysical properties at a wide range of temperature and high 

pressures. 

In this case, we investigated this IL again in the wide temperature and pressure ranges. The 

obtained experimental values were analysed and compared with all high pressure density values 

from the existing literature [11-22], comparing also with calculated thermophysical properties.  

Experimental Part 

The 1-butyl-3-methylimidazolium tetrafluoroborate [BMIM][BF4] (CAS: 174501-65-6, 

chemical formula C8H15BF4N2, product number 4910490100, purity ≥99%, Mw=0.2260251 

kg·mol
-1

) was purchased from Merck KGaA, Germany. The sample was dried under a vacuum 

for 48 hours at temperature T=423.15 K in order to remove all volatile impurities. The mass 

fraction of water determined after drying by means of Karl-Fisher titration was less than 140 

ppm. 

The ambient pressure densities of [BMIM][BF4] were measured [5] in the temperature 

range T=(273.15 to 413.15) K using the Anton-Paar DMA 5000M, DSA 5000M and DMA HPM 

vibrating tube densimeters with an uncertainty of Δρ = ± (5·10
-3

 to 3·10
-1

) kg·m
-3

. Except the 

high pressure vibration tube densimeter DMA HPM, other densimeters (DSA 5000 M and DMA 

5000M) used to measure of the density at atmospheric pressure automatically correct the effect 

of viscosity on the measured density results. The ambient pressure density values are necessary 

to check the accuracy of the investigated high pressure – high temperature (p,ρ,T) data using the 

small extrapolation of them to p= 0.101 MPa. The physical bases all of the vibrating tube 
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densimeters used for measurements of density are the same, the difference is only in some 

improvement made by the manufacturer that increases the accuracy of the thermostating 

(temperature control and sample temperature measurements) through the use of new electronics, 

material, and optimal size of the tubes. For example, DSA 5000 M is a vibrating tube sound 

analyzer and densimeter with a certified precision of Δρ = ±5·10
-3

 kgm
-3

.  

The density at high temperatures T = (273.15 to 413.15) K and pressures p=(0.101 to 

140) MPa was determined by means of high pressure-high temperature Anton-Paar DMA HMP 

vibrating tube densimeter [23,24]. The temperature steps were T=(5 to 20) K, whereas for 

pressures, typical steps (for pressures above 5 MPa) were appr. p=10 MPa. The temperature in 

the measuring cell, where the U–tube is located, is controlled within ΔT = ±10 mK. Pressure was 

measured using a pressure transmitters P-10, P-30 (0.25, 2.5, 50, 100 MPa) and HP-1 (160 MPa). 

The standard uncertainties U of (p,ρ,T) measurements are: for temperature - U(T) = 0.015 K, for 

pressure - U(p) = 0.00025 MPa for p < 0.25 MPa, U(p) = 0.0025 MPa for p < 2.5 MPa, U(p) = 

0.01 MPa for p < 10 MPa, U(p) = 0.1 MPa for p < 100 MPa, U(p) = 0.25 MPa for p > 100 MPa. 

The mPDS2000V3 control unit measures the vibrating period of tube with an accuracy in 

s 001.0   . According to the specifications of Anton-Paar and calibration procedures 

performed in our laboratory [23,24], the observed repeatability of the density measurements at 

temperatures T = (263.15 to 468.55) K and pressures up to p = 140 MPa is within Δρ = ±(0.1 to 

0.3) kg·m
−3

 or average expanded relative uncertainty is within Δρ/ρ = ±(0.01 to 0.03)%.  

However, for the method, viscosity corrections are necessary [25,26] if the sample under 

study of higher viscosities, i.e., density of the ILs is a function of viscosity [26,27]. During the 

oscillation of the U-tube, the sample shows the effect of damping of the oscillation, which is a 

function of the sample viscosity. Therefore, all measured data should be corrected for the effect 

of viscosity (HPM-)/HPM on density determination with a VTD [27] using the Eq. (1):  

,10]1627044820[ 4-


..
HPM

HPM 



     (1) 

where ρHPM is the density obtained from measurements, ρ is the corrected densities, and 

η(p,T)/mPas is the viscosity of [BMIM][BF4].  

To use eqn. (1) it is necessary to know (HPM-)/HPM as a function of viscosity, η(p,T) 

versus temperature and pressures at the same T and p range as density measurements. There exist 

some viscosity literature data for [BMIM][BF4] under higher pressures [12-14]. We also mea-

sured dynamic viscosity η(p0,T) of [BMIM][BF4] at ambient pressures [6] and temperatures at 

T= (273.15 to 413.15) K using an Anton-Paar SVM 3000 Stabinger Viscometer with an accuracy 

in Δη/η = 0.35% and Anton-Paar Rheometer MCR 302 in Δη/η = 1%. Our measured viscosity 

values, together with literature values at ambient pressure [28-34] and high pressure values [12-

14], were used during the calculation of viscosity correction (HPM-)/HPM.  

Results  

The measured density of [BMIM][BF4] at wide range of temperatures and from ambient to 

high pressures are presented  
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in Fig. 1. Experimental density as a function of temperature and pressure [(p,ρ,T) data] 

were fitted to the following equation of state [35]: 

12-38-32-3 )cm/g()()cm/g()()cm/g()(/MPa),(  ρTCρTBρTATp  ,  (2) 

where: the coefficients of A(T), B(T) and C(T) are temperature dependent fitting parameters: 
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The coefficients ai, bi and ci determined by least-squares method are given in Tab. 1.  

Table 1. Values of the coefficients ai, bi and ci in Eqns. (2-3)
dh

 

a1/m
5
kg

-1
s

-2
K

-1
 a2/m

5
kg

-1
s

-2
K

-2
 a3/m

5
kg

-1
s

-2
K

-3
 a4/m

5
kg

-1
s

-2
K

-4
 

-3.294074601
 

0.012380392 -0.1873844·10
-4

 0.11343·10
-7

 

    

b0/m
23
kg

-7
s

-2
 b1/m

23
kg

-7
s

-2
K

-1
 b2/m

23
kg

-7
s

-2
K

-2
 b3/m

23
kg

-7
s

-2
K

-3
 

-172.3375912 1.3257025861 -0.140024157·10
-2

 -0.1822598093·10
-6

 

    

c0/m
35
kg

-11
s

-2
 c1/m

35
kg

-11
s

-2
K

-1
 c2/m

35
kg

-11
s

-2
K

-2
 c3/m

35
kg

-11
s

-2
K

-3
 

30.2129636447 0.54665449317·10
-2

 -0.713487962·10
-3

 0.123716391·10
-5

 
dh 

AAD = (100/n)(ρexp-cal)/ρexp = ±0.007 % 

In Fig. 2 the deviations of experimental density ρexp. of [BMIM][BF4] from the calculated 

by eqns. (2-3) density ρcal. versus pressure p at T=(273.15 to 413.15) K is plotted. Eqns. (2-3) 

describe the density of [BMIM][BF4] with Δρ/ρ = ±0.007% average percent deviation. The 

maximal absolute deviation in Δρ=0.25 kgm
-3

 is located at T=413.14 K and p=139.571 MPa.  

Discussion and literature comparison: 

The obtained experimental values were compared with the available literature values after 

fitting (using Eqns. (2-3)). The first literature densities at high pressures and temperatures 

obtained by Azevedo et al. [11] were compared with the present results. The average deviation of 

67 experimental density values of [11] to present values is approximately Δρ/ρ = ±0.3039 %, and 

the values [11] are higher than the presented results. The maximum deviation is Δρ/ρ = ±0.39 % at 

T = 332.73 K and p = 0.101 MPa. The average deviation of 20 compared density values of 

Tomida et al. in Ref. [12] is Δρ/ρ = ±0.475 %. The density values in Ref. [12] are higher than the 

presented results and the maximum deviation is Δρ/ρ = 0.54 % at T = 353.15 K and p = 20 MPa. 

The 45 density values investigated by Tekin et al. in [16] have Δρ/ρ = ±0.55 % average deviation 

to the present results. The values in Ref. [12] are higher than presented results, and the maximum 

deviation of both compared resources is Δρ/ρ = 0.69 % at T = 398.15 K and p = 39.56 MPa. The 

values [11,12,16] have approximately the same deviation from present results, but they have 

good agreement between each other and high positive deviation from present measurements, 

which can be explained by the low quality of [BMIM][BF4] samples in previous years.  
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Gardas et al. [13] provided 77 density results of [BMIM][BF4] and they have Δρ/ρ = 

±0.066 % average deviation from presented results. The maximum deviation of these values is 

Δρ/ρ = 0.179 % at T = 293.15 K and p = 0.1 MPa. 
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Fig. 1. Plot of pressure p of [BMIM][BF4] 

versus density ρ at T=(273.15 to 

413.15) K: , 273.15 K; , 283.16 K; 

▲, 293.16 K; ▼, 298.15 K; , 313.15 

K; , 332.82 K; , 353.48 K; , 

373.15 K; , 393.15 K; , 413.15 K; 

__ calculated by eqs. 2-3. 

Fig. 2. Plot of deviations of experimental 

density ρexp. of [BMIM][BF4] from the 

calculated density ρcal. by eqs. (2)-(3) 

versus pressure p at T=(273.15 to 

413.15) K: , 273.15 K; , 283.16 K; 

▲, 293.16 K; ▼, 298.15 K; , 313.15 

K; , 332.82 K; , 353.48 K; , 

373.15 K; , 393.15 K; , 413.15 K. 

The 62 density values of Harris et al. [14] were compared with the presented density 

values and a Δρ/ρ = ±0.099 % average deviation was obtained. The values in Ref. [14] are higher 

than presented results and the maximum deviation is Δρ/ρ = 0.303 % at p = 125.6 MPa and T = 

348.15 K. The 31 experimental values of the 36 studied by Jacquemin et al. [15] have Δρ/ρ = 

±0.153 % average deviation from the presented results. The values in Ref. [15] are mostly 

smaller than presented results and maximum deviation is Δρ/ρ = -0.575 % at T = 391.29 K and p = 

40 MPa.  
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The comparison of 90 density results from 189 measured by Machida et al. [17] with 

presented results showed Δρ/ρ = ±0.089 % average deviation, and are mostly smaller than the 

presented results. The maximum deviation of this comparison is Δρ/ρ = -0.218 % at T = 352.60 K 

and p = 140 MPa. The 117 experimental values of [BMIM][BF4] measured by Sanmamed et al. 

[19] have Δρ/ρ = ± 0.043 % average deviation to present results. They are higher than presented 

results and maximum deviation is Δρ/ρ = 0.066 % at T = 323.15 K, p = 2 MPa. 

The 44 density results from 59 investigated by Klomfar et al. [20] have Δρ/ρ = ± 0.052% 

average deviation and they are mostly smaller than presented results. The maximum deviation in 

Ref. [20] is Δρ/ρ = 0.114 % at T = 292.092 K and p = 1.94 MPa. The 60 density values of 

[BMIM][BF4] determined by Curras et al. [21] have Δρ/ρ = ± 0.109 % average deviation and 

they are higher than presented results. The maximum deviation in Ref. [21] is Δρ/ρ = 0.141 % at T 

= 283.15 K and p = 40 MPa. Finally, the 261 values obtained by Matkowska et al. [22] were 

compared to presented results and Δρ/ρ = ± 0.026% average deviation was obtained. They are 

mostly higher than presented results, appr. up to T=333.15 K, and after become smaller. The 

maximum deviation in Ref. [22] is Δρ/ρ = 0.066 % at T = 283.15 K and p = 35 MPa. 

Having compared our values with past literature, we can state that the results from this work, 

together with the values of Gardas et al. [13], Jacquemin et al. [15], Machida et al. [17], 

Sanmamed et al. [19], Klomfar et al. [20], Curras et al. [21], and Matkowska et al. [22], have 

appr. Δρ/ρ = ±0.2 % average deviation between them, and so our results can be used as accuracy 

values.   

Conclusions 
The (p,ρ,T) properties of [BMIM][BF4] over a wide range of temperatures T and pressures 

p are reported. The measured (p,ρ,T) results of [BMIM][BF4] were calculated using an equation 

of state developed by our group in previous years, which fit well with deviations from 

experimental data in ±0.007%. All available density ρ values of [BMIM][BF4] presented in the 

literature at various pressures and temperatures were compared with presented results and a good 

agreement was obtained. The obtained experimental results can be used for the application of 

[BMIM][BF4] for various purposes.  
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