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Abstract 

  

In this work, densities of dimethyl sulfoxide + 1-allyl-3-methylimidazolium chloride mixtures 

have been experimentally determined with a vibrating tube densimeter. Densities were measured 

at temperatures between 293.15 and 373.15 K and molar fractions of dimethyl sulfoxide xDMSO = 

0, 0.05 0.1, 0.15, 0.25, 0.5, 0.75, 0.9 and 1 at pressures in the range P = [0.1, 35] MPa. It was 

found that density increases with ionic liquid concentration and with pressure and decrease with 

temperature. Excess molar volumes were calculated resulting in negative values with a maximum 

of non-ideality at DMSO concentration of xDMSO = 0.5. The excess molar values were less negative 

at high pressures. At T = 330 K a maximum in the excess molar values was observed at several 

concentrations. Density was correlated as a function of temperature, pressure and concentration 

with an average relative deviation of 0.12%. 
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Graphical Abstract 

 

Symbols 

 

ARD %  Average relative deviation 

DMSO  Dimethyl sulfoxide 

IL  Ionic liquid 

Mi  Molecular weight of the substance i in g cm-3 

VE  Molar excess volume in cm3 mol-1 

VTD  Vibrating Tube Densimeter 

xi  Molar concentration of the substance i 

 

 

ρi  Density of the substance i in kg m-3 
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τ  Period in µs 

 

 

1 Introduction:  

 

Currently, and due to the strong need of environmentally benign technologies, the possibilities of 

using so-called ionic liquids (ILs) are being explored. These substances are characterized by being 

composed only by ions whose size are irregular and large enough to prevent the formation of a 

solid net. Thus, they are liquid at room temperatures. Therefore, ILs can be defined as salts in 

liquid phase [1]. Their most notable property is its negligible vapor pressure and high solvation 

power for multitude of components, both organic and inorganic. These properties make them 

attractive for their use as an alternative to traditional and highly volatile organic solvents. By 

combining different anions and cations, millions of ionic liquids can be synthetized and their 

properties can be tuned by simply changing, cations, anions or the length of the alkyl chain 

substituents [2]. Among them, imidazolium based ionic liquids with acetate, chloride or 

alkylphosphate anions stand out for their capacity of dissolving cellulose and other natural 

polymers.  

Cellulose is the most abundant organic substance on earth and its processing can lead to obtain 

high added-value substances [3]. Most conventional processes for cellulose transformation are 

based on the use of highly pollutant solvents or extreme operational conditions. Thus, the 

development of process for cellulose transformation using ionic liquids has attracted a lot of 

attention in the last years [4–7] . One of the main inconvenients for the development of cellulose 

processing in ionic liquid is the high viscosity of ILs [8], especially in the case of those with 

chloride anion. In addition, the dissolution of cellulose in ILs causes the viscosity of the mixture 

to increase significantly. As a consequence, ionic liquids are often used in combination with co-
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solvents in order to reduce the viscosity, or enhance the transport properties [9], because it is well 

known that  molecular solvents decrease the viscosity of alkyl-imidazolium ionic liquids while 

other impurities as chloride increase it [10,11].In the case of cellulose processing it is important 

that the co-solvent chosen do not cause the precipitation of cellulose thus, dimethyl formamide or 

most frequently dimethyl sulfoxide (DMSO) are used [12–14]. Thus, it is important to know the 

physical properties of these mixtures at different operational conditions 

In literature, it is possible to find several published works where the density and viscosity of 

several imidazolium chloride based ionic liquids are determined along with co-solvents or 

impurities. For example, Lv and coworkers [15], measured the effect of the DMSO in the viscosity 

of the ionic liquid + cellulose mixtures and concluded that the addition of DMSO in 

cellulose/AmimCl or cellulose/BmimCl decreases dramatically the viscosity of them. Densities, 

excess volume, viscosities and other thermodynamics properties of aqueous mixtures of alkyl-

imidazolium chloride based IL’s has also been studied among others by Sastry et al. [16], Tariq 

et al. [17], Liu et al. [18], Sing & Kumar [19] and Gomez et al. [20]. Properties of aqueous 

mixtures of AmimCl by Xu et al. [21], Wu et al. [22], and Jimenez and co-workers [23]. Kumar 

et al. [24], proceed to measure the density of mixtures ethylene glycol + alkyl-imidazolium 

chloride ionic liquids at atmospheric pressure. Lopes et al. [25] measured the density and viscosity 

of mixtures CO2/AmimCl and correlate the viscosity with a modified equation from Seddon et al. 

[10]. In general, it is observed that density decreases with temperature and with co-solvent 

concentration. 

Some other authors have studied the influence of the pressure in the density. For example, Tomé 

et al. have studied the change of the density of pure imidazolium based Ionic Liquids with the 

pressure, and correlated this data with the Tait equation [26], Machida et al. also measured the 

density of L-Lactate-containing Ionic Liquids up to 200 MPa [27], and Safarov et al. determined 

the  density and viscosity of pure 1-butyl-3-methylimidazolium acetate [Bmim][Ac] up to 140 

MPa [28]. Gardas et al. [29] measured the density of imidazolium-based Ionic Liquids and then 
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correlated it with the Tait equation. All of them found that the density of ionic liquids increased 

with pressure. There is also a number of works presenting densities of different organic liquids + 

different organic solvents under pressure [30–33], observing also that the density of the mixture 

increases with pressure. 

In the literature, examples of both positive and negative excess molar volumes in  co-solvent + 

ionic liquid mixtures can be found. In [34] Bahadur et al. studied the excess molar volume in 

mixtures of ionic liquid and water, and they concluded that excess molar volumes are the result 

of two competitive effects, a positive effect caused bythe reduction of self-association between 

molecules due to the influence of the hydrogen bonds or Van der Waals interactions, and a 

negative effect that could be a result of a better packing caused of polar interactions between 

molecules. In mixtures of co-solvents with imidazolium chloride or acetate ionic liquids it is 

reported that excess molar volume is decreasing with increasing cosolvent concentration until 

reaching a minimum for molar fractions of around 0.6-0.7 [20,23]. Sandhya et al. studied the 

influence of the temperature and alcohol’s length in the excess volume, and they found that when 

the temperature and the alcohol chain length increases, the mixture becomes less ideal, and the 

point where the excess molar volume is maximum moves to higher compositions [35]. On the 

other hand, Makhtarani et al. measured the behavior of binary mixtures of pyridinium based ionic 

liquid plus water, and they found that the mixtures have positive excess molar volume, and it is 

less ideal when the temperature increases [36].To the best of our knowledge, there are no 

experimental data of densities and excess molar volume of mixtures DMSO + AmimCl.  

In this work the density of mixtures of DMSO + AmimCl at various conditions of temperature, 

pressure and concentration are presented. Excess molar volumes were calculated using the 

experimental density data. Density was correlated as a function of temperature, pressure and 

composition. 
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2 Experimental:  

 

 2.1 Materials. 

For the calibration, pure water and vacuum were used. Density of toluene was measured in order 

to check the calibration. Both compounds, water and toluene were supplied by Sigma Aldrich 

with purities of 100% and 99.8% respectively. The DMSO has a purity of 98% and was supplied 

by Sigma – Aldrich with a humidity of ≈ 200 ppm. The 1-allyl-3-methylimidazolium chloride 

supplied by Iolitec (assay (NMR) = 98%; 1-Allyl-3-methylimidazolium (IC)= 99.9%; Chloride 

(IC)= 99.9%; 1-Methylimidazole (IC)< 1% and Water (KF)= 0.2467%). The ionic liquid was 

further dried by applying a level of vacuum of 10-2 mbar while stirred at temperature of 86ºC. 

Good results of humidity were obtained after this procedure as it is shown in Table 1. In addition, 

the ionic liquid was carefully handled in order to avoid absorption of water from the air, as it is 

explained below. 

Table 1: Water content in mixtures DMSO + AmimCl  

xDMSO / mol/mol xwater / mol/mol 

0.000 0.013 

0.048 0.015 

0.098 0.016 

0.147 0.014 

0.248 0.006 

0.495 0.011 

0.729 0.021 

0.893 0.008 

0.999 0.001 
Uncertainty of the molar fraction is 0.001 mol/mol  

 

 2.2 Description of the equipment  
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The mixtures were prepared gravimetrically by using a high precision balance (Sartorius Basic 

BA 310P, precision = 0.001 g) under nitrogen atmosphere, in which the humidity is kept below 

30%. The water content of IL, DMSO and of their mixtures was measured with Karl - Fischer 

Coulometric titration using Mettler Toledo C20 KF, taking at least three measurements per 

sample. 

Densities of these mixtures at various temperatures and pressures, from atmospheric pressure to 

35 MPa, were performed in a vibrating tube densimeter (VTD) model Anton Paar DMA 514, 

connected to a frequency meter Anton Paar DMA 60. A schematic diagram of the equipment is 

shown in Figure 1. The basis of a vibrating tube densimeter is that the resonance frequency of a 

body immersed in a fluid depends on the density. The vibrating tube viscometer is a simple device 

consisting mainly of a thin "U" tube filled with the liquid which density we want to determine. 

The tube is surrounded by mineral oil bath, Julabo F 25, whose purpose is merely to keep constant 

its temperature. A Pt100 thermometer is placed in the curved part of the "U" (where the resonance 

frequency is precisely measured) and a temperature controller, Julabo HE, integrated in the above 

mentioned thermal bath keeps the temperature constant. The Pt100 thermometer has an 

uncertainty of ±0.05 K and the frequency meter has an uncertainty of ±7.5 10-3 µs. The pressure 

is measured with a digital manometer GE Drunk DPI 104 and controlled by a manually operated 

piston. The manometer has an uncertainty of ±0.02 bar. To calibrate is necessary to measure the 

response of the equipment in two different conditions, firstly with the tube under vacuum and 

secondly with a fluid of known density, which in this case, high purity distilled water was chosen. 

It is important that the conditions of pressure and temperature of these calibrations are the same 

that the final intended measuring conditions. Previous to the measurement of the mixtures DMSO 

+ AmimCl, toluene density was measured in order to compare with the available data on Refprop 

[37]. The equipment was previously described in [38,39].  
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Figure 1: Installation scheme. 

 

2.3 Densimeter loading and measuring procedures 

Ionic liquids are in general very hygroscopic, so they must be handled with extreme care in order 

to avoid their humidification. Thus to charge the mixture in the densimeter the following 

procedure was used: first of all, a vacuum pump is connected to the pipe, and then, when the 

pressure inside is lower than 10-2 mPa the pump is stopped and the valve V-2 is closed. Secondly, 

a funnel filled with the mixture is connected to the pipe. In the next step, the valve V-1 is opened 

and the mixture enters and fills the equipment. It is important to avoid that air bubbles enter in 

the pipe because they can modify the density measurements. 

While working with the highly viscous mixture, during the filling step, the bath temperature is set 

to 80ºC so the mixture can flow easily through the pipe. Finally, all valves are closed, so the 

mixture keeps insulated from water.  

After the mixture is introduced inside the equipment, the bath temperature is set to the first 

temperature, and then the densities of the mixture at the specified temperature in all range of 

V-1 

V-2 
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pressures are measured. Finally, the next temperature is set up in the bath and the process is 

repeated. 

 

3 Evaluation of the uncertainty 

 

In this work the calibration method for the vibrating tube densimeter developed Lagourette et al. 

[40] and modified by Comuñas et al. [39] was used. In this method, the density of one fluid 

depends on the oscillation period as is described in the equation ( 1 ): 

𝜌𝜌(𝑇𝑇,𝑃𝑃) = 𝐴𝐴(𝑇𝑇)𝜏𝜏2(𝑇𝑇,𝑃𝑃) − 𝐵𝐵(𝑇𝑇,𝑃𝑃) ( 1 ) 

With two sets of data, for (vacuum and high purity water) it is possible to determine the calibration 

constants “A” and “B” that are the characteristic parameters of the apparatus, for every operational 

condition. In this work, vacuum and high purity water were used as reference fluids. 

Equations of uncertainty of the vibrating tube densimeter can be calculated from [38] following 
the law of propagation of uncertainty described in JCGM 100: 2008 [41]. 

Table 2: Uncertainty budget for the vibrating tube densimeter. Values calculated for density of xDMSO = 0.247, P = 1 

MPa and T = 333.15 K. 

 

Uncertainty 
 

Units Estimate Divisor u(x) / kg/m3 
 

u(ρ ref) Reference Material kg/m3 0.1 2 0.058 

u(T) 

Calibration 

K 

0.050 2 

0.0257 Resolution 0.010 2√3 

Repeatability 0.005 1 

u(P) 

Calibration 

MPa 

0.02 2 

0.014 Resolution 0.01 2√3 

Repeatability 0.01 1 

u(τ water) 
Repeatability 

µs 
2.32E-06 1 

2.34E-06 
Resolution 1.00E-06 2√3 
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u(τ void) 
Repeatability 

µs 
1.77E-06 1 

1.79E-06 
Resolution 1.00E-06 2√3 

u(A(T))  kg m-3 µs2   0.1 

u(B(T,P))  kg m-3   0.5 

U(A(T))  kg m-3 µs2  k=2 0.3 

U(B(T,P))  kg m-3  k=2 1.0 

u(ρ)  kg m-3   0.7 

U(ρ)  kg m-3  k=2 1.5 

Ur(ρ)  kg m-3 / kg m-3  k=2 1.3E-03 

 

The uncertainty achieved has the same order of magnitude as that obtained by others authors using 

the same or similar equipment. [38]  

Finally, the density of toluene measured with the densimeter is compared to data from Refprop 

[37] resulting in a proper fit with the experimental data. 

 

4 Experimental results  

 

 4.1 Densities of DMSO + AmimCl. 

Densities at different DMSO molar fractions as a function of pressure and temperature are 

presented in tables from Table 2 to Table 11. Density of a mixture of xDMSO = 0.729 at various 

temperatures is plotted versus pressures in Figure 2. It is observed that density increases linearly 

with pressure and decrease with temperature. The same behavior is observed for all the 

concentrations studied.  

Table 3: Densities of pure DMSO, xH2O = 0.001. 

Density / kg m-3 

Pressure / bar Temperature / K 
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293.15 313.15 333.15 353.15 373.15 

1.00 1098.5 1078.9 1061.0 1040.6 1019.9 

5.00 1099.8 1079.2 1061.2 1041.1 1020.4 

10.00 1100.1 1079.6 1061.6 1041.1 1020.7 

20.00 1100.7 1080.1 1061.9 1041.9 1021.5 

30.00 1101.3 1080.7 1062.5 1042.6 1022.5 

40.00 1101.8 1081.1 1063.1 1043.2 1023.2 

60.00 1102.8 1082.9 1064.3 1044.7 1024.5 

80.00 1103.9 1083.5 1065.5 1046.1 1026.0 

100.00 1105.0 1084.7 1066.8 1047.5 1027.6 

150.00 1106.1 1087.6 1069.9 1051.0 1031.4 

200.00 1109.0 1090.7 1073.0 1054.4 1035.0 

250.00 1111.1 1093.2 1076.0 1057.3 1038.6 

300.00 1113.6 1095.8 1078.9 1060.5 1042.2 

350.00 1116.1 1098.5 1081.7 1063.6 1045.6 

Expanded uncertainty of the density U(ρ) = 1.5 kg m-3, expanded uncertainty of the temperature U(T) = 0.05 K, 

expanded uncertainty of the pressure U(P) = 0.03 bar, expanded uncertainty of the composition U(x) = 0.001 with 

k=2.. 

 

Table 4: Densities of mixture DMSO + AmimCl, xDMSO = 0.893, xH2O = 0.008. 

Density / kg m-3 

Pressure / bar 
Temperature / K 

293.15 313.15 333.15 353.15 373.15 

1.00 1115.3 1097.1 1081.0 1062.6 1044.5 

5.00 1115.4 1097.3 1081.2 1063.1 1045.0 

10.00 1115.8 1097.6 1081.4 1063.2 1046.0 

20.00 1116.2 1098.2 1082.0 1063.7 1045.7 

30.00 1116.6 1098.6 1082.5 1064.3 1046.4 

40.00 1117.1 1099.1 1083.1 1064.9 1047.1 

60.00 1118.30 1100.3 1084.2 1066.2 1048.3 

80.00 1119.0 1101.2 1085.2 1067.4 1049.5 

100.00 1119.9 1102.3 1086.5 1068.6 1050.8 

150.00 1122.2 1104.8 1089.1 1071.4 1054.2 

200.00 1124.8 1107.2 1091.7 1074.3 1057.2 

250.00 1126.7 1109.7 1094.3 1077.4 1060.3 

300.00 1128.7 1112.0 1096.8 1080.0 1063.2 
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350.00 1130.9 1114.3 1099.3 1082.6 1066.3 
Expanded uncertainty of the density U(ρ) = 1.5 kg m-3, expanded uncertainty of the temperature U(T) = 0.05 K, 

expanded uncertainty of the pressure U(P)= 0.03 bar, expanded uncertainty of the composition U(x) = 0.001 with k=2. 

 

Table 5: Densities of mixture DMSO + AmimCl, xDMSO = 0.729, xH2O = 0.021. 

Density / kg m-3 

Pressure / bar 
Temperature / K 

293.15 313.15 333.15 353.15 373.15 

1.00 1115.3 1097.1 1081.0 1062.6 1044.5 

5.00 1115.4 1097.3 1081.2 1063.1 1045.0 

10.00 1115.8 1097.6 1081.4 1063.2 1046.0 

20.00 1116.2 1098.2 1082.0 1063.7 1045.7 

30.00 1116.6 1098.6 1082.5 1064.3 1046.4 

40.00 1117.1 1099.1 1083.1 1064.9 1047.1 

60.00 1118.3 1100.3 1084.2 1066.2 1048.3 

80.00 1119.0 1101.2 1085.2 1067.4 1049.5 

100.00 1119.9 1102.3 1086.5 1068.6 1050.8 

150.00 1122.2 1104.8 1089.1 1071.4 1054.2 

200.00 1124.8 1107.2 1091.7 1074.3 1057.2 

250.00 1126.7 1109.7 1094.3 1077.4 1060.3 

300.00 1128.7 1112.0 1096.8 1080.0 1063.2 

350.00 1130.9 1114.3 1099.3 1082.6 1066.3 
Expanded uncertainty of the density U(ρ) = 1.5 kg m-3, expanded uncertainty of the temperature U(T) = 0.05 K, 

expanded uncertainty of the pressure U(P)= 0.03 bar, expanded uncertainty of the composition U(x) = 0.001 with k=2. 

 

Table 6: Densities of mixture DMSO + AmimCl, xDMSO = 0.496, xH2O = 0.011. 

Density / kg m-3 

Pressure / bar 
Temperature / K 

293.15 313.15 333.15 353.15 373.15 

1.00 1144.9 1128.8 1116.1 1101.9 1088.2 

5.00 1145.1 1129.0 1116.3 1102.7 1088.7 

10.00 1145.3 1129.1 1116.5 1102.8 1088.9 

20.00 1145.7 1129.5 1116.7 1102.8 1090.1 
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30.00 1146.0 1129.7 1116.8 1103.2 1089.9 

40.00 1146.3 1130.0 1117.2 1103.9 1090.0 

60.00 1147.1 1130.9 1117.9 1104.3 1090.8 

80.00 1147.8 1131.6 1119.5 1105.0 1091.6 

100.00 1148.5 1132.2 1119.6 1105.7 1092.5 

150.00 1150.2 1134.1 1121.6 1107.9 1094.6 

200.00 1152.3 1136.2 1123.1 1109.7 1096.6 

250.00 1153.6 1138.0 1125.4 1111.7 1099.0 

300.00 1155.2 1139.6 1126.7 1113.5 1100.7 

350.00 1156.9 1142.6 1128.4 1115.4 1103.1 
Expanded uncertainty of the density U(ρ) = 1.5 kg m-3, expanded uncertainty of the temperature U(T) = 0.05 K, 

expanded uncertainty of the pressure U(P)= 0.03 bar, expanded uncertainty of the composition U(x) = 0.001 with k=2. 

 

Table 7: Densities of mixture DMSO + AmimCl, xDMSO = 0.248, xH2O = 0.006. 

Density / kg m-3 

Pressure / bar 
Temperature / K 

293.15 313.15 333.15 353.15 373.15 

1.00 1150.4 1137.9 1124.4 1112.9 1100.9 

5.00 1150.5 1137.9 1124.5 1113.3 1101.3 

10.00 1150.7 1138.1 1124.5 1113.30 1101.5 

20.00 1151.2 1138.4 1124.9 1113.53 1101.7 

30.00 1151.4 1138.6 1125.2 1113.82 1102.2 

40.00 1151.7 1138.9 1125.5 1114.12 1102.5 

60.00 1152.4 1139.4 1126.0 1114.63 1103.0 

80.00 1153.0 1140.0 1126.6 1115.40 1103.6 

100.00 1153.5 1140.4 1127.5 1116.17 1104.3 

150.00 1155.1 1142.1 1129.0 1117.89 1106.0 

200.00 1157.0 1143.5 1130.6 1119.73 1108.7 

250.00 1158.1 1145.0 1132.6 1121.35 1110.0 

300.00 1159.8 1146.6 1134.1 1123.32 1111.7 

350.00 1161.1 1147.9 1135.7 1124.68 1114.5 
Expanded uncertainty of the density U(ρ) = 1.5 kg m-3, expanded uncertainty of the temperature U(T) = 0.05 K, 

expanded uncertainty of the pressure U(P)= 0.03 bar, expanded uncertainty of the composition U(x) = 0.001 with k=2. 
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Table 8: Densities of mixture DMSO + AmimCl, xDMSO = 0.147, xH2O = 0.014. 

Density / kg m-3 

Pressure / bar 
Temperature / K 

293.15 313.15 333.15 353.15 373.15 

1.00 1150.1 1138.8 1125.3 1113.3 1101.7 

5.00 1150.3 1138.9 1125.4 1113.9 1102.1 

10.00 1150.4 1139.2 1125.6 1113.8 1102.3 

20.00 1150.8 1139.5 1126.0 1114.1 1102.6 

30.00 1151.0 1139.7 1126.4 1114.3 1103.1 

40.00 1151.3 1140.0 1126.7 1114.7 1103.5 

60.00 1152.1 1140.8 1127.2 1115.6 1104.0 

80.00 1152.5 1141.4 1127.8 1116.6 1104.7 

100.00 1153.1 1142.0 1128.6 1117.3 1105.3 

150.00 1154.6 1143.5 1130.2 1118.9 1106.9 

200.00 1156.5 1145.0 1131.7 1120.5 1108.7 

250.00 1157.6 1146.6 1133.6 1122.0 1110.4 

300.00 1159.0 1148.1 1135.0 1123.6 1112.1 

350.00 1160.4 1149.6 1136.5 1125.2 1114.0 
Expanded uncertainty of the density U(ρ) = 1.5 kg m-3, expanded uncertainty of the temperature U(T) = 0.05 K, 

expanded uncertainty of the pressure U(P)= 0.03 bar, expanded uncertainty of the composition U(x) = 0.001 with k=2. 

 

Table 9: Densities of mixtures DMSO + AmimCl, xDMSO = 0.098, xH2O = 0.016. 

Density / kg m-3 

Pressure / bar 
Temperature / K 

293.15 313.15 333.15 353.15 373.15 

1.00 1148.1 1136.2 1126.7 1114.8 1103.2 

5.00 1148.2 1136.3 1127.0 1115.2 1103.4 

10.00 1148.4 1136.7 1126.9 1115.0 1103.4 

20.00 1148.7 1136.9 1127.2 1115.2 1103.6 

30.00 1148.9 1137.1 1127.6 1115.6 1104.0 

40.00 1149.1 1137.4 1128.1 1115.9 1104.3 

60.00 1149.8 1138.1 1128.6 1116.5 1104.9 

80.00 1150.36 1138.6 1129.0 1117.3 1105.7 

100.00 1150.9 1139.3 1129.8 1117.9 1106.3 

150.00 1152.6 1140.8 1131.4 1119.9 1108.0 
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200.00 1154.5 1142.4 1133.0 1121.4 1109.6 

250.00 1155.5 1143.9 1134.5 1122.8 1111.6 

300.00 1156.9 1145.4 1136.2 1124.5 1113.1 

350.00 1158.3 1146.6 1137.6 1126.0 1115.3 
Expanded uncertainty of the density U(ρ) = 1.5 kg m-3, expanded uncertainty of the temperature U(T) = 0.05 K, 

expanded uncertainty of the pressure U(P)= 0.03 bar, expanded uncertainty of the composition U(x) = 0.001 with k=2. 

 

Table 10: Densities of mixtures DMSO + AmimCl, xDMSO = 0.048, xH2O = 0.015. 

Density / kg m-3 

Pressure / bar 
Temperature / K 

293.15 313.15 333.15 353.15 373.15 

1.00 1149.3 1138.2 1128.2 1115.5 1104.2 

5.00 1149.8 1138.3 1128.3 1116.3 1104.7 

10.00 1149.9 1138.5 1128.6 1116.2 1104.8 

20.00 1150.0 1139.0 1128.5 1116.2 1104.8 

30.00 1150.2 1139.4 1128.9 1116.4 1105.5 

40.00 1150.5 1139.3 1129.2 1116.8 1105.8 

60.00 1151.1 1140.0 1129.5 1117.6 1106.0 

80.00 1151.7 1140.5 1129.9 1118.3 1106.9 

100.00 1152.3 1141.1 1130.6 1119.0 1107.4 

150.00 1153.7 1142.7 1132.1 1120.4 1109.3 

200.00 1155.6 1144.1 1133.7 1122.2 1110.2 

250.00 1156.6 1145.7 1135.4 1123.7 1112.6 

300.00 1158.1 1147.0 1136.7 1125.6 1114.4 

350.00 1159.3 1148.6 1138.2 1126.9 1116.1 
Expanded uncertainty of the density U(ρ) = 1.5 kg m-3, expanded uncertainty of the temperature U(T) = 0.05 K, 

expanded uncertainty of the pressure U(P)= 0.03 bar, expanded uncertainty of the composition U(x) = 0.001 with k=2. 

 

Table 11: Densities of pure AmimCl. xH2O = 0.013. 

Density / kg m-3 

Pressure / bar 
Temperature / K 

293.15 313.15 333.15 353.15 373.15 

1.00 1149.9 1139.0 1129.4 1117.3 1106.0 



16 
 
 

5.00 1150.0 1139.1 1129.4 1117.8 1106.4 

10.00 1150.2 1139.4 1129.5 1117.5 1106.5 

20.00 1150.5 1139.6 1129.8 1117.7 1106.7 

30.00 1150.7 1139.8 1130.0 1118.2 1107.3 

40.00 1151.0 1140.2 1130.4 1118.2 1107.4 

60.00 1151.6 1140.8 1131.1 1118.9 1107.9 

80.00 1152.2 1141.4 1131.5 1119.5 1108.6 

100.00 1152.8 1142.2 1132.1 1120.3 1109.4 

150.00 1154.1 1143.6 1133.7 1121.9 1110.8 

200.00 1155.9 1145.0 1135.1 1123.5 1112.6 

250.00 1157.0 1146.7 1136.7 1124.9 1114.2 

300.00 1158.3 1148.0 1138.2 1126.8 1116.1 

350.00 1159.7 1149.5 1139.7 1127.9 1117.7 
Expanded uncertainty of the density U(ρ) = 1.5 kg m-3, expanded uncertainty of the temperature U(T) = 0.05 K, 

expanded uncertainty of the pressure U(P)= 0.03 bar, expanded uncertainty of the composition U(x) = 0.001 with k=2. 

 

Figure 2: Densities of mixture 0.729 molar fraction of DMSO. 

 

In Table 12 a comparison between the densities obtained in this work by the VTD and the data 

from Jiménez et al. [23] obtained using a Stabinger viscosimeter-densimeter at atmospheric 

pressure is presented. Both set of data are consistent. 

Table 12: Comparison between densities measured in this work and from Jiménez et al.[23]. 
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Temp. Density, Jiménez et al [23] 
xwater =0.045. 

Density, this work 
xwater =0. 013 

K g cm-3 g cm-3 

323.15 1.131  

333.15 1.125 1.129 

343.15 1.119  

353.15 1.114 1.117 

363.15 1.108  

373.15 1.103 1.106 

 

In Figure 3, densities measured at 6 MPa are plotted versus DMSO composition at various 

temperatures. It is observed that the density is decreasing with DMSO molar function. Small 

scattering in the data at concentrations between 0.05 and 0.25 are observed and were attributed to 

the different water content of the samples used. 

 

Figure 3: Density of mixtures at 6 MPa and various temperatures 
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In Figure 4 it is represented the density of mixtures at 333.15 K as a function of DMSO 

composition at various pressures. The density also decreases with the molar fraction of DMSO 

and it increases with the pressure. This behavior is observed in all the temperatures.  

 

Figure 4: Density of mixtures at 333.15 K and various pressures. 
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Figure 5: Density of mixture xDMSO = 0.147 at different pressures 

The Figure 5 shows that the density also presents a linear tendency with the temperature. 

4.2 Excess molar volume 

Molar volumes were calculated considering the difference between the experimental and the 

theoretical value, using equation ( 2 ) the contribution of the water in the mixtures was taken into 

account.  

𝑉𝑉𝑚𝑚𝐸𝐸 = 𝑉𝑉𝑚𝑚 −  𝑉𝑉𝑚𝑚𝑖𝑖𝑖𝑖 = 𝑥𝑥𝐼𝐼𝐼𝐼𝑀𝑀𝐼𝐼𝐼𝐼+𝑥𝑥𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑀𝑀𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷+𝑥𝑥𝐻𝐻2𝐷𝐷𝑀𝑀𝐻𝐻2𝐷𝐷

𝜌𝜌𝑒𝑒𝑒𝑒𝑒𝑒
− �𝑥𝑥𝐼𝐼𝐼𝐼

𝑀𝑀𝐼𝐼𝐼𝐼
𝜌𝜌𝐼𝐼𝐼𝐼
𝑒𝑒𝑝𝑝𝑝𝑝𝑒𝑒 + 𝑥𝑥𝐷𝐷𝑀𝑀𝐷𝐷𝐷𝐷

𝑀𝑀𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝜌𝜌𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝑒𝑒𝑝𝑝𝑝𝑝𝑒𝑒 +

𝑥𝑥𝐻𝐻2𝐷𝐷
𝑀𝑀𝐻𝐻2𝐷𝐷

𝜌𝜌𝐻𝐻2𝐷𝐷
𝑒𝑒𝑝𝑝𝑝𝑝𝑒𝑒�  

( 2 ) 
  

 

Where MIL, MH2O and MDMSO are the molar weights of the components, and Vm is the experimental 

molar volume and Vm
id is the ideal molar volume both in cm3 mol-1. Water density data were taken 

from Refprop [37]. Density of DMSO was measured in this work. In the case of the IL a linear 

tendency was assumed to obtain the density of the pure substance. 
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Figure 6: Excess molar volume in mixtures DMSO + AmimCl at 0.1MPa.  

 

Excess molar volumes at atmospheric pressures are plotted versus DMSO concentrations at 

various molar fractions in Figure 7. It is observed that excess molar volume has a minimum 

around 0.5 molar fraction. It is well known that the mixtures of other molecular solvents with 

chloride based ILs such as water + Imidazolium chloride ILs have a significant negative excess 

molar volume and present a minimum around the concentration of 0.5 – 0.7 molar fraction of 

water [20,23,42,43].   

In the case of DMSO + AmimCl this curve is more negative compared to the same ionic liquid 

mixed with water [23]. The negative excess molar volume is due to the effect of packaging 

between molecules of DMSO and ionic liquid. They increase the packing of the structure and as 

a consequence, the density of the real mixture is higher than the theoretical one [11]. Beyond the 

minimum an increase of the molar fraction of DMSO, the excess of the molar volume tends again 
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to zero because the presence of the DMSO or liquid solvents causes the attraction forces between 

the IL ions reduce, producing a certain expansion of the fluids [34,44]. 
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Figure 7: Influence of temperature in the excess molar volume in the mixture for a) xDMSO = 

0.241 and b) xDMSO = 0.14. The lines are drawn as a guide to the data. 
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temperature near the melting point of the IL (324 K according to Lopes et al [45]). This behavior 

was found in more concentrations as is shown in Figure 8, being more pronounced at 
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described by others authors before. 
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Figure 8: Excess molar volume at 35 MPa at different concentrations. 

 

 

Figure 9: Excess molar volume in mixtures DMSO + AmimCl at 333.15 K. 
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In Figure 9 excess molar volume was plotted versus DMSO molar fraction. In general the pressure 

has a small influence in the excess volume, that decreases slightly with the pressure, being the 

slight molar volumes more negatives at lower pressures as observed in Figure 7 and Figure 9. 

 4.3 Density correlation of mixtures DMSO + AmimCl 

The data were adjusted to an empirical correlation as a function of the temperature, the pressure 

and the composition. 

Where: 

𝜌𝜌 = 𝐴𝐴 + 𝐵𝐵 ∙ 𝑃𝑃 + 𝐶𝐶 ∙ 𝑇𝑇 ( 3 ) 

𝐴𝐴 = 𝐴𝐴1 ∙ 𝑥𝑥𝐷𝐷𝑀𝑀𝐷𝐷𝐷𝐷 + 𝐴𝐴2 ( 4 ) 

𝐵𝐵 = 𝐵𝐵1 ∙ 𝑥𝑥𝐷𝐷𝑀𝑀𝐷𝐷𝐷𝐷2 + 𝐵𝐵2 ∙ 𝑥𝑥𝐷𝐷𝑀𝑀𝐷𝐷𝐷𝐷 +  𝐵𝐵3 ( 5 ) 

𝐶𝐶 = 𝐶𝐶1 ∙ 𝑥𝑥𝐷𝐷𝑀𝑀𝐷𝐷𝐷𝐷2 + 𝐶𝐶2 ∙ 𝑥𝑥𝐷𝐷𝑀𝑀𝐷𝐷𝐷𝐷 + 𝐶𝐶3 ( 6 ) 

𝐴𝐴𝐴𝐴𝐴𝐴% =  
∑�

�𝜌𝜌𝑒𝑒𝑥𝑥𝑒𝑒 − 𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�
𝜌𝜌𝑒𝑒𝑥𝑥𝑒𝑒

�

𝑛𝑛
∙ 100 

( 7 ) 

The correlated parameters are shown in Table 13. 

Table 13: Correlated parameters of the equation ( 3 ) 

A1 63.87 

A2 1311.39 

B1 0.302 

B2 -0.0128 

B3 0.31 

C1 -0.2575 

C2 -0.1255 

C3 -0.5560 

%ARD 0.12% 

%MAX 0.51% 
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The value of the %ARD implies an excellent description of the studied system. The comparison 

between the experimental and the correlated are represented in Figure 10 and Figure 11. 

  

Figure 10: Comparison between the experimental data and the correlated with equation ( 3 ).Dotted lines represents 

0.51% of maximum deviation. 

 

1000

1020

1040

1060

1080

1100

1120

1140

1160

1180

1000 1020 1040 1060 1080 1100 1120 1140 1160 1180

Co
rr

el
at

ed
 D

en
si

ty
 /

 k
g 

m
-3

Experimental Density / kg m-3



26 
 
 

 

Figure 11: Comparison between the experimental and the correlated data at different temperatures; open squares, 

experimental data; lines, correlated data for the mixture xDMSO = 0.496. 

 

 

5 Conclusions 

In this work density and excess molar volume of mixtures of dimethyl sulfoxide (DMSO) with 1-

allyl-3-metkylimidazolium chloride (AmimCl) at a wide range of concentrations (molar fraction 
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pressures (0.1 to 35 MPa) were determined. The density has a linear tendency with pressure and 

temperature, increasing with the ionic liquid concentration and with the pressure, and decreasing 

with the temperature. 

Excess molar volumes of the mixtures were found to be negative with a minimum around xDMSO 

= 0.5. This fact indicates that molecules of DMSO and AmimCl at this concentration have a better 

“packaging degree” between them. The Excess molar volume is slightly more negative at lower 
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pressure.  It was observed for first time that the excess molar volume has a maximum at 333.15 

K for several DMSO concentrations.  

Density was correlated as a function of the temperature, pressure and composition of the mixture. 

A good fitting has been achieved with an %ARD = 0.12%. 
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