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a b s t r a c t 

Three types of imidazolium-based ionic liquids (IMILs) were synthesized and characterized by 13 C and 
1 H NMR, FT-IR, and elemental analysis. Thermal stability and physicochemical properties of prepared IM- 

ILs were measured in the temperature range of 283.15 to 363.15 K. The physicochemical results revealed 

the entirely temperature-dependent properties and quietly decreasing through increasing the tempera- 

ture. Electrochemical studies of the IMILs were also performed at the surface of screen-printed electrode 

cells. Consideration of these properties and determining the unique abilities of IMILs will help researchers 

through modern applications like liquid-liquid extraction, particular tasks of scavenging and removal of 

hydrogen sulfide and thiols from petroleum matrices. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Recently, the major vital and prolific eco-friendly features of 

reen chemistry has been flourished in science and engineering. 

he main focuses were on decreasing the number of toxic solvents 

nd reagents within an analysis procedure, reducing the consumed 

nergy, produced wastes, and increasing reusability of solvents. 

ence, many efforts have been prepared to formulate new green 

eaction media and solvents in all science [1–4] . A few decades 

go, many studies were devoted to evaluating the synthesis and 

haracterization of ionic liquids (ILs), a favored eco-friendly alter- 

ative for common solvents [5–8] . 

ILs, entirely prepared using cations and anions, possess a dis- 

olving point of 373.15 K or below. In this manner, they would 

ighlight the advantages of available replacements for dangerous 

nd unstable materials due to their unique physicochemical prop- 

rties [9–13] . The main interest was attracted toward ILs as the 

designer” solvent [14–17] in many fields such as the oil indus- 

ry [18–20] , biotechnology, material science [21–23] , electrochem- 

stry, solvent effect, separation [24–30] , fuel cells, nanotechnology 

31–35] , catalysts and as a reaction medium in the irreversible re- 

ction of H 2 S to form a thermally stable, oil-soluble alkyl sulfide 

 36 , 37 ] thanks to their high thermal and chemical stabilities, low 
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olatility and melting point, non-flammability, high ionic conduc- 

ivity, the broad range of electrochemical properties, and tunable 

olarity [ 13 , 38–40 ]. 

To further evaluate the intrinsic properties of ILs and to dis- 

over their specific applications as pollutant scavenger and elec- 

rolyte, it is required to understand their thermophysical and elec- 

rochemical properties. It is possible to project the industrial pro- 

esses and new ILs-based products when the physicochemical 

roperties of these ILs such as viscosity, density, surface tension, 

efractive index, and thermal decomposition are pointed out [41] . 

Currently, imidazolium and dialkyl imidazolium-based ILs were 

he most stable and commonly used ILs. Simultaneously, the high- 

st studied ILs types and numerous attempts have been made in 

reparation for pure and halogen-free imidazolium-based ILs [42–

5] . The physicochemical properties of imidazolium-based ILs can 

e adjusted by slight structural modifications of the correspond- 

ng cation, anion, and alkyl chain length [ 36 , 46 , 47 ]. Likewise, the

tructure and type of anions and cations would help regulate the 

ydrophilicity and hydrophobicity of ILs. Shorter and longer alkyl 

ide chains could result in higher hydrophilicity and hydrophobic- 

ty, respectively [48] . 

In this research work, we selected three hydrophilic ionic 

iquids with a limited database regarding their physicochem- 

cal properties and the simultaneous determination of sul- 

ur compounds. Therefore, to investigate the effect of anions, 

ations, cation-linked functional groups, and impact of molec- 

lar symmetry, three different imidazolium-based ionic liquids, 

https://doi.org/10.1016/j.molstruc.2021.129917
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.129917&domain=pdf
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Fig. 1. Chemical structures of the prepared ionic liquids. 
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–butyl–3-methylimidazolium methyl sulfate [BMIM][M e SO 4 ], 

-(2-Hydroxyethyl) −3-methylimidazolium chloride [HEMIM][Cl] 

nd 1-(2-Hydroxyethyl) −3-methylimidazolium dicyanamide 

HEMIM][DCA] were pointed to synthesize and evaluate the 

hysicochemical properties in the wide range of temperature for 

he first time. The ionic liquids were also characterized using 
3 C and 

1 H NMR, FT-IR, and CHNOS elemental analysis. Given 

hat the available standard methods, like UOP-163 [49] , suffer 

rom interfering constituents in the sample matrix and are very 

ime-consuming, using large sample size and toxic solvents, the 

ther purpose of this research was a development of methodology 

y using a new ILs for determination of certain organic pollutants 

uch as H 2 S and R-SH, so we also used synthesized ILs for the 

rst time as an ideal medium for electroanalytical determination 

f these species in petroleum matrices. The chemical structures of 

he prepared ILs were illustrated in Fig. 1 . 

. Experimental 

.1. Materials 

1-methylimidazole ( ≥99%), 1–butyl imidazole ( ≥98%), and 

-chloroethanole ( ≥99%) were pursued from Aldrich and were 

istilled before use. All other starting materials and solvents 

ere used as received without any further consideration. These 

aterials included dimethyl sulfate ( ≥99%), methylene chloride 

 ≥99%), sodium dicyanamide ( ≥96%), diethyl ether ( ≥99%), toluene 

 ≥99.8%) and acetone ( ≥99%). All of them purchased from Aldrich 

oo. Water was freshly deionized and distilled before use. 

.2. Apparatus and procedure 

The structures of synthesized ILs were identified by 13 C and 

 H NMR (Bruker Avance 500 MHz spectrometers, Germany), FT- 

R (Bruker Vertex 70 Spectrometer, Germany), and CHNOS el- 

mental analysis (Elementar Vario max, Germany). The density 
2 
nd dynamic viscosity of the ILs were measured with an auto- 

ated Anton Paar SVM-30 0 0 (Austria) digital double-tube visco- 

ensimeter. The precision in experimental measurements has been 

stablished to be better than ±2 × 10 −4 g •cm 

−3 for the density 

nd ±1 × 10 −4 mPa •s for the dynamic viscosity. The instrument 

as calibrated and certified by the supplier company. The calibra- 

ion was monitored in the interval mode with pure liquids (sup- 

lied by Cannon Co.) with known density, dynamic and kinematic 

iscosity at different temperatures. The surface tension of the ILs 

as recorded with a KRUSS-K9 tensiometer (Germany) by the ring 

ethod. The measurement cell was thermostated in a tempera- 

ure controller with temperature stability of ±273.17 K, regulated 

n the RC6 LAUDA thermostat. The equipment has a digital con- 

rol unit for precise measurements with an uncertainty better than 

0.1 mN 

•m 

−1 . Refractive indices were determined by using a re- 

ractometer Model J357 supplied by Rudolph Company (USA). The 

pparatus was calibrated with isopropyl alcohol and water at dif- 

erent temperatures from 283 to 363 K. Conductivity was dignified 

ith WTW-LF96 (H. Jürgens GmbH & Co. Germany) conductivity 

eter. The instrument was calibrated and patterned with a stan- 

ard conductivity solution (1413 μS/cm at 298 K). The pH, chloride, 

nd bromide content were measured with the Mettler-DL40GP po- 

entiometer (Switzerland). The instrument was calibrated with pH 

uffers (4, 9, and 11), sodium chloride, and potassium bromide as 

 primary standard. MKC-501-N, coulometric Karl Fischer appara- 

us supplied by KEM (Japan), was used to determine trace amounts 

f water in ILs. Electrochemical measurements were carried out 

y screen-printed voltammetry Autolab PGSTAT101, supplied by 

etrohm Co. (Switzerland) using a three-electrode cell consisted 

f a glassy carbon working electrode and Ag plate as the reference 

lectrode. A simultaneous TG/DTA thermal analyzer (Perkin Elmer 

YRIS Diamond, USA) was used to study the ionic liquids’ thermal 

tability. Approximately 20 mg of the sample and reference (Pt foil) 

ere placed in alumina pans and heated by a rate of 10 K 

•min 

−1 

rom 298 to 873 K. In this study, the flow rate of nitrogen as purge

as was 50 mL •min 

−1 at 1 bar. TG mass and temperature calibra- 

ions were performed before the experiments. 
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Fig. 2. FT-IR spectra of the prepared ionic liquids. 
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.3. Synthesis of 1–butyl–3-methylimidazolium methyl sulfate 

Dimethyl sulfate (150 mL) was added dropwise to a solution 

f equal molar amounts of 1-butylimidazole (50 g) in toluene at 

77.15 K. The reaction mixture was then stirred for 4 h at room 

emperature. All experiments were performed under the fume 

ood with a nitrogen gas stream. The upper organic phase of the 

esulting mixture was decanted, and the lower ionic liquid phase 

as washed with diethyl ether several times. After the last wash- 

ng, the remaining diethyl ether solvent was evaporated under re- 

uced pressure. The prepared IL ([BMIM][MeSO 4 ]) was dried by 

eating under a high vacuum for 48 h. [BMIM][MeSO 4 ] was char- 

cterized by 13 C and 

1 H NMR, FT-IR, and CHNOS elemental analy- 

is, to prove the absence of impurities. 

[BMIM][MeSO 4 ]: 
1 H NMR (500 MHz, D 2 O): δH 9.12 (s, 1H), 7.34–

.38 (m, unresolved, 2H), 4.00 (t, J = 7.5 Hz, 2H), 3.75 (s, 3H), 3.43

s, 3H), 1.63 (p, J = 7.5 Hz, 2H), 1.12 (m, J = 7.6 Hz, 2H), 0.66 (t,

 = 7.26 Hz, 3H); 13 C NMR (CDCl 3 , 75.4 MHz) δc 13.3 (CH 2 CH 3 ),

9.3 (CH 2 CH 3 ), 32.0 (NCH 2 CH 2 ), 36.3 (NCH 3 ), 49.7 (NCH 2 ), 54.3

OCH 3 ), 122.2 (CH), 123.8 (CH), 137.3 (CH). 

.4. Synthesis of 1-(2-Hydroxyethyl) −3-methylimidazolium chloride 

2-chloroethanol (0.67 mL) was reacted with an excess of 1- 

ethyl imidazole (1.1 g) in a round-bottom flask in acetonitrile for 

4 h at 393.15 K. These experiments were performed under the 

ume hood with a nitrogen gas stream. The crude product was re- 

rystallization, finely crushed, and washed with diethyl ether sev- 

ral times. Then, the remained solvent was evaporated under re- 

uced pressure for 10 h to produce the IL. [HEMIM][Cl] was char- 

cterized by 13 C and 

1 H NMR, FT-IR, and CHNOS elemental analy- 

is, to prove the absence of impurities. 

[HEMIM][Cl]: 1 H NMR (500 MHz, D 2 O): δH 8.78 (s, 1H, H-2), 

.54 (s, 1H, H-4 or H-5), 7.49 (s, 1H, H-4 or H-5), 4.34 (t, 2H,

 = 4.9 Hz), 3.96 (t, 2H, J = 4.9 Hz), 3.93 (s, 3H); 13 C NMR (CDCl 3 ,

5.4 MHz), δC 136.25 (CH), 123.70 (CH), 122.59 (CH), 59.96 (–CH 2 –

H), 51.72 (N–CH 2 –), 36.02 (N–CH 3 ) 

.5. Synthesis of 1-(2-Hydroxyethyl) −3-methylimidazolium 

icyanamide 

[HEMIM][Cl] (10 g) was added into NaN(CN) 2 (5.6 g) in ace- 

one (20 mL) and stirred at room temperature for 48 h and then 

ltered. Mentioned experiments were performed under the fume 

ood with a nitrogen gas stream. After the solvent was removed by 

otary evaporation, the residual liquid was diluted with methylene 

hloride and filtered again. The solvent was removed using rotary 

vaporation and the remained sample was dried under vacuum at 

43 K for 48 h. The final product ([HEMIM][DCA]) was obtained as 

 colorless condensed liquid. [HEMIM][DCA] was characterized by 
3 C and 

1 H NMR, FT-IR, and CHNOS elemental analysis, to prove 

he absence of impurities. 

[HEMIM][DCA]: 1 H NMR (500 MHz, D 2 O) : δH 9.060 (s, 1H), 

.699 (d, 1H), 7.6 6 6 (d, 1H), 5.147 (t, 1H), 4.204 (t, 2H), 3.863 (s,

H), and 3.718 (m, 2H); 13 C NMR (CDCl 3 , 75.4 MHz), δC 137.15 (CH), 

23.86 (CH), 123.19 (CH), 60.06 (–CH 2 –OH), 51.92 (N–CH 2 –), 36.92 

N–CH 3 ) 119.52 (CN). 

. Result and discussion 

.1. Characterization of synthesized imidazolium-based ILs 

FT-IR spectra of the synthesized ionic liquids were illustrated in 

ig. 2 . The FT-IR vibrations at 1225, 1105, and 566 cm 

−1 were con-

igned to the S –O bond of sulfonic acid and SO 3 
− group (asymmet- 

ic stretching, symmetric stretching, and bending modes, respec- 
3 
ively. The N 

–S stretching vibration was also observed at 880 cm 

−1 . 

his clear infrared peak stipulated the presence of sulfonic group- 

yridine bond in [BMIM][MeSO 4 ]. The influential bands around 

550 cm 

−1 from the pyridinium ring were also present in all three 

onic liquids. The broad and strong bands in the range of 30 0 0 to

500 cm 

−1 can be given to the hydroxyl group (the stretching vi- 

ration) due to the presence of water and sulfonic acid ( Fig. 2 ).

he details of the FT-IR spectra were depicted in Table 1 . Elemen- 

al analysis and impurity contents of studied ILs were reported in 

ig. 3 and Table 2 , respectively. As shown in Fig. 3 , the experimen-

al data of C%, N%, O%, H% and S% for all prepared ILs were close

o the calculated ones. In Table 2 , four test methods of Karl Fis-

her, Potentiometry, Turbidimetry, Electric furnace, and gravimetry 

ere used to evaluate the impurity contents of prepared ILs. Based 

n the obtained results, the negligible amount of water content 

mass%), chloride (mass%), bromide (ppm), sulfate (ppm), heavy 

etals (ppm), and ash content (mass%) were detected. 

.2. Physicochemical properties of ILs 

The experimental data on the physicochemical properties of 

tudied ILs were itemized in the temperature range of 283.15 to 

63.15 K in Table 3 . The density ( ρ), refractive index (n D ), surface

ension ( γ ) and pH were fitted by least squares using the polyno- 

ial of second-order expression given by Eq. (1) : 

 = A 0 + A 1 T ( K ) + A 2 T ( K ) 
2 (1) 

here z is ρ (g •mL −1 ), n D , pH, or γ (mN 

•m 

−1 ), T is the tempera-

ure (K), and A o , A 1 , and A 2 are the adjustable parameters. 

The values of viscosities were fitted using the Eq. (2) : 

nη( mP a.s ) = 

A 0 

T ( K ) − A 1 

(2) 

here A o and A 1 are adjustable parameters, and T is temperature. 

he best-fit parameters for density, refractive index, surface ten- 

ion, and viscosity were listed in Table 4 , together with their stan- 

ard deviations (S.D.). The S.D. values were calculated by applying 
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Table 1 

Characteristic absorption bands in the IR spectrum of the synthesized ILs. 

[BMIM][MeSO 4 ] [HEMIM][Cl] [HEMIM][DCA] 

ν , cm 

−1 Band attribution ν , cm 

−1 Band attribution ν , cm 

−1 Band attribution 

3526 Valence vibrations of N–H in (R)NH 2 

Valence vibrations of O–H in water 

(Overlapped) 

3336 Valence vibrations of O–H 3318 Valence vibrations of O–H 

2874 Valence vibrations of C–H in СН2 , 

СН3 , and (R)–CH 3 

1638 Valence vibrations of C = C 

Valence vibrations of C –H ring 

2198–2240 Valence vibrations of C ≡N 

1572 Scissor-like deformational vibrations 

of N–H in (R)NH 2 , NH 2 , 

1571 Scissor-like deformational 

vibrations of N–H in (R)NH 2 , NH 2 

1569 Scissor-like deformational 

vibrations of N–H in (R)NH 2 , NH 2 

1452 Deformation vibrations of NH 3 
+ , 

NH 2 
+ , NH 

+ 

Valence vibrations of N = N in 

azo-compounds 

1451 Deformation vibrations of NH 3 
+ , 

NH 2 
+ , NH 

+ 

Valence vibrations of N = N in 

azo-compounds 

1466 Deformation vibrations of NH 3 
+ , 

NH 2 
+ , NH 

+ 

Valence vibrations of N = N in 

azo-compounds 

1339 Stretch vibrations of C –C 1425–1450 Valence vibrations of CH 2 

1400–1000 Valence vibrations of N–С 1167 Cl − 1316 Valence vibrations of C –C 

1012–1029 Valence vibrations of S = O 1072 Valence vibrations of C –O 1073 Valence vibrations of C –O 

1170 Deformation vibrations of СН3 groups 

linked to carboxyl groups; Valence 

vibrations of N–С 

870 Stretch vibrations of CH 2 –OH 869–906 Stretch vibrations of CH 2 –OH 

1059 Valence vibrations of С –С 760 Valence vibrations of C –H ring 753 Valence vibrations of C –H ring 

738 Deformation vibrations of NH 2 652–703 Valence vibrations of CH 3 –N 651–703 Valence vibrations of CH 3 –N 

624–654 Vibrations of SO 4 
2 − 622 Valence vibrations of N 

–H 622 Valence vibrations of N 

–H 

Fig. 3. The CHNOS elemental analysis for synthesized ILs. 

Table 2 

Impurities of the synthesized ILs a . 

Species 

Test 

Method 

Results 

[BMIM][MeSO 4 ] [HEMIM][Cl] [HEMIM][DCA] 

Water content, mass% Karl Fischer 0.060 0.500 0.075 

Chloride, mass% Potentiometry – 22.81 –

Bromide, ppm < 10 < 10 < 10 

Sulfate, ppm Turbidimetry < 5 < 5 < 5 

Heavy metals (as Pb), ppm < 0.2 < 0.2 < 0.2 

Ash content, mass% Electric furnace and gravimetry < 0.001 < 0.001 < 0.001 

a Before use, the prepared ILs were treated by heating in a vacuum oven at ≈−0.1 MPa. 
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he Eq. (3) : 

.D = 

[∑ ( z exp −z cacl ) 
2 

/n 

]1 / 2 

(3) 

here z and n are the property values and the number of experi- 

ental points, respectively [ 6 , 50–52 ]. 

.3. Density 

The effects of temperature, cation, and anion type on the den- 

ity of synthesized ILs were revealed in Table 3 and Fig. 4 . As ex-

ected, the measured densities decreased as a function of temper- 

ture. 
4 
According to Fig. 4 , it was found that the density was related to 

n anion in the order of decreasing molecular weight. The density 

f ILs was increased when anion molecular weight was amplified. 

he higher density values were due to the presence of more het- 

roatoms in comparison with other anions. The unexpectedly low 

ensity of [HEMIM][Cl], opposing to the lower molecular weight 

f its anion, might be owing to the presence of moisture and the 

ymmetric nature of [Cl] −, which may result in the soft packing 

nd a higher density. This observation and the literature reports 

53–55] presented that in a series of ILs with common cation, the 

ensity behavior was an outcome of both the molecular weight 

nd the symmetry elements associated with the constituent an- 

ons. To estimate the thermal expansion coefficients, the density 

alues were used as a function of temperature with the following 
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Table 3 

Density ( ρ), dynamic viscosity ( η), refractive index (n D ), surface tension ( γ ), conductivity ( σ ), speed of sound (u), pH and thermal expansion ( α) of the ionic 

liquids at different temperatures. 

T/(K) ρ/(g mL −1 ) η/(mPa.s) n D γ /(mN m 

−1 ) 

σ /(mS) 

(1% Solution) 

pH 

(1% Solution) u/(m s −1 ) α∗10 4 /k −1 

[BMIM][MeSO 4 ] 

283.15 1.2120 378.9 1.4830 45.6 ± 0.1 2.00 7.2 1604.36 4.182 

293.15 1.2111 202.0 1.4794 44.5 ± 0.1 2.06 7.01 1579.15 4.265 

298.15 1.2070 150.4 1.4785 44.0 ± 0.1 2.08 6.82 1570.70 4.308 

303.15 1.2051 115.3 1.4759 43.8 ± 0.1 2.10 6.7 1567.56 4.350 

313.15 1.1970 71.32 1.4743 42.6 ± 0.1 2.12 6.5 1545.57 4.436 

323.15 1.1911 46.97 1.4720 42.0 ± 0.1 2.13 6.25 1536.01 4.523 

333.15 1.1860 32.58 1.4700 41.2 ± 0.1 2.14 6.01 1520.68 4.611 

343.15 1.1800 23.64 1.4674 40.0 ± 0.1 2.16 5.84 1495.88 4.701 

353.15 1.1733 17.70 1.4658 39.7 ± 0.1 2.17 5.65 1494.04 4.790 

363.15 1.1698 13.70 1.4631 39.0 ± 0.1 2.17 5.48 1479.27 4.882 

[HEMIM][Cl] 

283.15 1.2231 445.6 1.5290 68.0 ± 0.1 4.15 6.35 2085.26 4.873 

293.15 1.2175 213.8 1.5268 66.5 ± 0.1 4.19 6.19 2060.61 4.870 

298.15 1.2147 154.8 1.5243 65.4 ± 0.1 4.21 6.05 2040.81 4.865 

303.15 1.2118 114.4 1.5241 65.0 ± 0.1 4.23 5.92 2035.69 4.860 

313.15 1.2063 67.75 1.5213 64.0 ± 0.1 4.32 5.68 2020.77 4.852 

323.15 1.2010 43.10 1.5192 62.4 ± 0.1 4.36 5.47 1992.59 4.840 

333.15 1.1956 29.14 1.5170 59.8 ± 0.1 4.38 5.20 1942.33 4.831 

343.15 1.1902 20.72 1.5147 56.0 ± 0.1 4.40 5.00 1864.23 4.820 

353.15 1.1849 15.38 1.5120 53.1 ± 0.1 4.43 4.79 1804.24 4.810 

363.15 1.1795 11.78 1.5095 50.2 ± 0.1 4.45 4.58 1742.81 4.790 

[HEMIM][DCA] 

283.15 1.1970 180.7 1.5332 63.4 ± 0.1 2.87 8.16 2018.49 5.030 

293.15 1.1914 93.44 1.5329 62.0 ± 0.1 2.96 7.95 1994.73 5.072 

298.15 1.1882 70.36 1.5308 61.5 ± 0.1 3.11 7.83 1987.50 5.092 

303.15 1.1849 54.34 1.5287 60.2 ± 0.1 3.13 7.68 1962.85 5.110 

313.15 1.1784 34.54 1.5249 57.7 ± 0.1 3.14 7.48 1914.80 5.151 

323.15 1.1710 23.53 1.5233 56.2 ± 0.1 3.15 7.31 1889.21 5.201 

333.15 1.1656 16.94 1.5202 54.5 ± 0.1 3.15 7.14 1856.40 5.240 

343.15 1.1592 12.76 1.5164 53.2 ± 0.1 3.16 6.97 1833.32 5.291 

353.15 1.1520 9.935 1.5141 52.4 ± 0.1 3.17 6.82 1822.37 5.330 

363.15 1.1461 7.960 1.5110 51.5 ± 0.1 3.18 6.68 1807.51 5.381 

Fig. 4. The plot of density versus temperature for synthesized ILs. 
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quation: 

= − 1 

ρ

(
∂ ρ
∂ T 

)
= −( A 1 + 2 A 2 × T ) / 

(
A 0 + A 1 × T + A 2 × T 2 

)
(4) 

here α is the coefficient of thermal expansion, ρ is the ILs den- 

ity, and A 0 , A 1, and A 2 are the adjustable parameters calculated in 

q. (1) . The thermal expansion coefficients for each of ILs at several 

emperatures were summarized in Table 3 . The results showed that 
5 
he variation of the volume expansivity quantified by the thermal 

xpansion coefficient could be considered almost as independent 

f the temperature for these ILs. 

Correspondingly, the density data of fluids were considered 

ery informative, for it could be used to estimate other several 

mportant physical parameters like molecular/molar volume, stan- 

ard molar entropy, and lattice energy. The parameters related to 

he fluids’ bulk properties were expected to provide some useful 
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Table 4 

Fitting parameters of Eqs. (1) and (2) and standard deviations in Eq. (3) used to 

correlate the physical properties of synthesized ionic liquids. 

Physical property A 0 A 1 A 2 R 2 S.D. 

[BMIM][MeSO 4 ] 

ρ/(g mL −1 ) 1.3391 −0.0003 −4 × 10 −7 0.9915 0.0054 

n D 1.6247 −0.0007 7 × 10 −7 0.9949 0.0010 

γ /(mN m 

−1 ) 94.913 −0.2457 −0.0003 0.9955 0.430 

pH 19.753 −0.0673 6 × 10 −5 0.9985 0.0158 

η/(mPa.s) 404.9297 −56.8642 – 0.9940 0.0913 

[HEMIM][Cl] 

ρ/(g mL −1 ) 1.4007 −0.0007 2 × 10 −7 0.9999 0.0053 

n D 1.6022 −0.0003 6 × 10 −8 0.9967 0.0066 

γ /(mN m 

−1 ) 62.691 0.99 −0.0019 0.9937 0.268 

pH 14.115 −0.0308 10 −5 0.9987 0.0285 

η/(mPa.s) 363.5655 −48.2585 – 0.9933 0.1053 

[HEMIM][DCA] 

ρ/(g mL −1 ) 1.3682 −0.0006 −1 × 10 −7 0.9994 0.0052 

n D 1.5868 −0.0001 −3 × 10 −7 0.9913 0.0056 

γ /(mN m 

−1 ) 196.4 −0.7082 0.0008 0.9921 0.458 

pH 21.114 −0.0671 8 × 10 −5 0.9991 0.0474 

η/(mPa.s) 301.1730 −46.7876 – 0.9947 0.0805 

Table 5 

Thermodynamic and equilibrium parameters viz., molecular vol- 

ume (Vm), standard molar entropy (S o ) and lattice energy (Upot) 

(obtained at 298.15 K recorded for synthesized ILs. 

ILs V m /nm 

3 S °/J.K −1 .mol −1 U pot /kJ.mol −1 

[BMIM][MeSO 4 ] 0.3443 458.7 438.5 

[HEMIM][Cl] 0.2223 306.6 491.1 

[HEMIM][DCA] 0.2700 366.1 466.8 
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Fig. 5. Plot depicting the variation of viscosity as a function of temperature for 

synthesized ILs. 

Fig. 6. Experimental values of surface tension γ (mN m 

−1 ) against temperature (K) 

for synthesized ILs. 
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nsight into the structure-property relationships prevalent in RTILs. 

he molecular volume of any ionic compound, defined as the sum 

f ionic volumes (V ion ) of its constituent ions, served as an index 

f the ionic size [ 55 , 56 ]: 

 m 

= V 

(
A 

+ ) + V 

(
X 

−)
(5) 

In contrast to the ionic radius, the ionic volumes were well de- 

ned and are valid for both symmetrical and asymmetrical ions. 

rom the density data, the molecular volume (V m 

in nm 

3 ) at 

98.15 K of each IL was calculated using the Eq. (6) [ 55 , 57 ]: 

 m 

= 

M 

N A ρ
(6) 

here M is molar mass, ρ is density, and N A is Avogadro’s con- 

tant. The calculated values of V m 

were presented in Table 5 . Us- 

ng calculated V m 

, ρ and molar mass of synthesized ILs, the stan- 

ard molar entropy (S °) and lattice energy (U pot ) were calculated 

t 298.15 K for these fluids using Eqs. (7) and (8) [ 55 , 57 , 58 ]: 

 

◦( 298 . 15 K ) /J. K 

−1 .mo l −1 = 1246 . 5 

(
V m 

/n m 

3 
)

+ 29 . 5 (7) 

 pot ( 298 . 15 K ) /kJ.mo l −1 = 1981 . 2 ( ρ/M ) 
1 / 3 + 103 . 8 (8) 

The calculated values of S ° and Upot were also presented in 

able 5 . The lower lattice energy was the underlying reason for the 

nstability of the solid phase of imidazolium-based ILs at normal 

emperatures. 

.4. Viscosity 

The experimental data of ILs viscosity as a temperature function 

as shown in Table 4 and Fig. 5 . As expected in Fig. 5 , the viscosity

f ILs significantly decreased with increasing temperature. Accord- 

ng to Fig. 5 , the order of viscosity was as follows: [HEMIM][Cl] >

BMIM][MeSO 4 ] > [HEMIM][DCA]. At high temperature, the move- 

ent of ILs molecules was much faster and freer; thus, the vis- 

osity was reduced. A look into the published viscosity data for 
6 
he ILs revealed that electrostatic interactions, hydrogen bonding, 

nd van der Waals interactions were the main factors that decide 

he magnitude of viscosity [ 59 , 60 ]. Geometric aspects of the con- 

tituent ions have also been found to affect the viscosity of ILs sig- 

ificantly [61] . In this regard, the more planar structures result in 

ower viscosities as planarity allowed to easier slip between con- 

tituents. Besides, the symmetry and shape of the constituent ions 

f ILs have also been claimed to influence their viscosity behavior 

 36 , 62 ]. All these reasons could be justified by higher viscosity of

HEMIM][Cl]. 

.5. Surface tension 

Surface tension ( γ ) of liquids and its temperature dependence 

ttended as reliable indices of their surface composition, struc- 

ure, and thermodynamics. In fluid physics, the magnitude of γ
as considered a measure of cohesive energy prevailing among the 

uid constituents. To arrive at such information and the composi- 

ion dependence of these characteristics, the γ values of the syn- 

hesized ILs were measured in the temperature range of 283.15 K 

o 363.15 K shown in Table 3 and Fig. 6 . The measured surface 

ension for ILs was lower than water (71.9 mN 

•m 

−1 ) and higher 

han most of the common organic solvents (ethanol: 21.9 mN 

•m 

−1 ) 

63] . According to Fig. 6 , the surface tension values decreased with 

ncreasing temperature. The results indicated that the cation and 

nion of ILs affected surface tension since the cation and anion 

ere present at the interface. Hence, both of them collaborated in 

urface energy [ 51 , 64 ]. The surface tension values followed the or- 

er: [HEMIM][Cl] > [HEMIM][DCA] > [BMIM][MeSO 4 ]. The high sur- 

ace tension for [HEMIM][Cl] was due to hydrogen bonds’ existence 

n these anions. In contrast, low surface tension in [HEMIM][DCA] 
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Fig. 7. Experimental values of refractive index n D , against temperature (K) for syn- 

thesized ILs. 
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nd [BMIM][MeSO 4 ] could be attributed to the possibility of higher 

harge delocalization in their anions, leading to their weaker elec- 

rostatic interactions with the imidazolium cations. 

.6. Refractive index and pH 

The refractive index of a compound indicated the ability of light 

eflection, which entered the medium. A high refractive index is 

onsidered greater than 1.4 for a substance above the most com- 

on organic materials. Therefore, the greater the refractive index 

f a compound, the more refracted light. The refractive index was 

n important factor for defining the purity and electronic polariz- 

bility of ionic liquids. Table 3 and Fig. 7 showed the temperature 

ependence of the refractive index for the studied ILs. In all the 

ases, values were found higher than 1.4. The refractive index lin- 

arly decreased with increasing the temperature. Increasing trend 

f refractive index for studied ILs was as follows: [HEMIM][DCA] > 

HEMIM][CL] > [BMIM][MeSO4]. It could be said that the high re- 

ractive index of the [HEMIM][DCA] was due to the asymmetric 

tructure of this IL, which cannot be close-packed in microscopic 

tructure. 

The measured pH values of 1% aqueous ionic liquids solution 

ere presented as a function of temperature in Table 3 and Fig. 8 .

s can be seen, the pH change was low when the temperature was 

ncreased. It can be said that the pH of the studied ionic liquids in

he wide range of temperatures was almost constant. The studied 

Ls included alkali and acidic ionic liquids in the pH range of 4 to 

. It was necessary to measure ionic liquids’ pH values for their 

nique application in the chemical, petroleum, and pharmaceutical 

ndustries. 

.7. Conductivity 

Table 3 also included the conductivity ( σ ) data of 1% aque- 

us ionic liquids solution at varying temperatures. The differences 

etween the conductivity can be explained by the interaction 

trength between cation and anion, the ion volumes, and steric ef- 

ects affecting these volumes. Fig. 9 showed the temperature de- 

endence of electrical conductivity for the ILs studied. At a wide 

ange of temperatures, [HEMIM][CL] had a maximum electrical 

onductivity. As mentioned, less unpaired ions would be responsi- 

le for the current transport, so in [HEMIM][CL], we observed the 

eakest interaction between anion and cation. 
7 
.8. Speed of sound 

The speed of sound, u, as a valuable thermodynamic property 

ould be experimentally determined with great precision over a 

road range of temperature and pressure. It might be related to 

ther thermodynamic properties such as density, heat capacity, 

hermal conductivity, and isentropic and isothermal compressibili- 

ies, which were essential for the final design and optimization of 

everal industrial processes [ 65 , 66 ]. Several research [67–69] tried 

o obtain calculated values of sound speed for ILs by theoretical 

nd empirical formulas, such as Auerbach’s equation. Auerbach’s 

quation [ 70 , 71 ] was a well-known empirical relation between the 

peed of sound (u), surface tension ( γ ), and density ( ρ) of liquids: 

 = 

(
γ

6 . 33 ∗10 

−10 ∗ ρ

)a 

(9) 

here α is equal to 2.3, u is the speed of sound in m 

•s −1 , γ is the

urface tension in N 

•m 

−1 , and ρ is the density in kg •m 

−3 . Gardas

nd Coutinho [69] showed that the original version of Auerbach’s 

quation could not be used to direct-prediction of the sound speed 

or imidazolium-based ILs. They proposed a modified version of 

uerbach’s relation with a = 0.671460 ± 0 0 02 in Eq. (9) . 

Calculated values of sound speed (from Eq. (9) ) for the studied 

Ls as a function of temperature were given in Table 3 . As we can

ee, the sound speed decreased with an increase in temperature 

or the investigated ILs. In all temperature ranges, [HEMIM][CL] 

howed the highest sound velocity, which might be due to the 

ighest surface tension between the synthesized ionic liquids. 

.9. Thermal stability 

Data on the thermal behavior of synthesized ionic liquids was 

equired to obtain thermal stability information for their use in the 

hemical process, development of contacting equipment, and stor- 

ge conditions [72–74] . Thermal analysis showed an important role 

n the characterization and determination of the thermal stabil- 

ty of novel materials such as ionic liquids [75–77] . Therefore, the 

hermal properties of the investigated ionic liquids have been char- 

cterized by TG/DTG techniques. Thermograms of the studied ILs, 

[BMIM][MeSO 4 ], [HEMIM][Cl] and [HEMIM][DCA]) were shown in 

ig. 10 . 

The TGA/DTG curves of [BMIM][MeSO 4 ] disclosed no thermal 

vent before 573 K, which confirmed that this ionic liquid would 

e thermally stable in the temperature range of 298–573 K. Above 

his temperature, TGA/DTG curve was observed with an endother- 

al phenomenon at the temperature range of about 583–773 K, 

hich it might have corresponded to the thermal decomposi- 

ion of [BMIM][MeSO 4 ]. In the TGA/DTG curve of [HEMIM][Cl], 

t was shown that this ionic liquid was thermally stable up to 

bout 523 K. However, at higher temperatures, TGA/DTG curves 

or [HEMIM][Cl] presented a significant mass loss step between 

33 and 773 K. As it is evident from the TGA/DTG curves of 

HEMIM][DCA], a principal thermal decomposition occurred above 

73 K, where the ionic liquid sample showed an endothermic de- 

omposition. Such a thermal pattern suggested that [HEMIM][DCA] 

as thermally stable until 473 K. However, a maximum mass loss 

as perceived in the temperature of about 493 K. The thermo- 

nalytical data for the studied ionic liquids in this investigation 

xhibited the following thermal stability order: [BMIM][MeSO 4 ] > 

HEMIM][Cl] > [HEMIM][DCA]. 

.10. Electrochemical window 

The electrochemical window was defined as the potential in- 

erval observed between the reduction potential of the organic 



S.M.R. Shoja, M. Abdouss and A .A .M. Beigi Journal of Molecular Structure 1230 (2021) 129917 

Fig. 8. Experimental values of pH against temperature (K) for synthesized IL. 

Fig. 9. Experimental electrical conductivity ( σ ) as a function of temperature for synthesized ILs. 

Fig. 10. TGA and DTG curves for the three prepared ionic liquids at the heating rate 

of 10 K min −1 . 
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ationic part and the oxidation potential of the anionic part of pure 

Ls. A wide electrochemical window made ILs as promising elec- 

rolytes for electrochemical power applications. Most ILs possessed 
8 
 wide potential window of > 4.0 V. It has been found that, for 

ome ionic liquids, the potential of anode limit proportionally de- 

reased with increasing the highest occupied molecular orbit en- 

rgy calculated for the anion [ 78 , 79 ]. In this work, the electro-

hemical windows of the investigated ILs were experimentally ob- 

ained using cyclic voltammetric analyses at SP-GCE and using Ag 

ire as a quasi-reference electrode, as shown in Fig. 11 . As can 

e seen, the electrochemical windows for the ILs studied ranged 

rom about 4 V to 6 V, and decreased in the following order: 

BMIM][MeSO 4 ] > = [HEMIM][DCA] > [HEMIM][CL]. 

It was noteworthy that some nonaqueous solvents such as 

MSO, AN, DMF, etc. were available for H 2 S and thiols’ voltammet- 

ic study. Still, they were often toxic and weakly conductive so that 

hey needed to use the supporting electrolyte to provide enough 

onductivity in the solution. Also, other disadvantages of the ex- 

sting standard methods e.g. UOP-163 used for this purpose, were 

entioned. Our synthesized ILs were pure fluids with unique prop- 

rties of excellent conductivity and good solubility toward most 

rganic materials. Thus studied ILs plays the role of both solvent 

nd supporting electrolyte simultaneously in the electrochemical 

ystems. So quantitative experiments were performed to evaluate 
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Fig. 11. Cyclic voltammograms of the purified tested ionic liquids. Conditions: quasi 

reference electrode, Ag wire; working electrode, SP-GCE (O.D. 2.2 mm); tempera- 

ture, 298.15 K; scan rate, 100 mV s −1 . 

t

t

s

w

t

i

s

t

f

t

p

a

e

t

o

a

c

t

o

h

fi

v

O

t

H

a

o

m

i

[

t

s

w

b

f

e

a

r

4

c

C

o

F

(

he method for concurrent analysis of the H 2 S and -SH group in 

he prepared ionic liquids. The developed technique, however, is a 

ensitive and selective square wave voltammetric (SWV) approach, 

hich needs a single drop of the sample for test. It is notewor- 

hy that all voltammetric experiments were performed at a hold- 

ng time of 10 to 60 s. Due to ionic liquids’ chemical stability, no 

ignificant change in cyclic voltammograms was achieved during 

his time interval. Therefore, a holding time of 10 s was selected 

or all samples and voltammograms were recorded at this holding 

ime. The resulting voltammogram obtained for H 2 S and R-SH in 

ure ILs prepared through SP-GCE can be seen in Fig. 12 . 

As shown in Fig. 12 in all studied ILs we observed recogniz- 

ble individual reversible peaks due to the oxidation of H 2 S and 
ig. 12. Typical SWV voltammogram of I) Pure ILs [Blank samples] II) 10 μg g −1 thiol and

O.D. 2.2 mm); temperature, 298.15 K; scan rate, 100 mV s −1 holding time 10 s. 

9 
thanethiol, although our analyses were electroactive. Also, the de- 

ection of H 2 S on all three synthesized ILs was better than that 

f thiol, which could be attributed to stronger hydrogen bonding 

nd less steric hindrance. The mechanism envisaged for this pro- 

ess was the mechanism of “Michael reaction” or “Michael addi- 

ion,” which was a justification for the superiority of H 2 S uptake 

ver thiol. In fact, with this, “reactive” ionic liquids were reported 

ere that were capable of reacting with thiols and hydrogen sul- 

de entirely via a reversible Michael addition to producing non- 

olatile ionic matrices with attached “odorous” segments [ 80 , 81 ]. 

n the other hand, as we have seen, the best medium among 

hese mentioned ionic liquids that were used to separate RSH and 

 2 S was [BMIM][MeSO 4 ], which was due to hydrophobic property 

nd electrochemical stability as a solvent for organic and even in- 

rganic compounds. Also, thiol(H 2 S)–ILs anion interactions were 

ainly due to weak dispersive forces and the dependency behav- 

or with the anions nature strongly ensues from their polarity, so 

BMIM][MeSO 4 ] due to the presence of [MeSO 4 ] anion compared 

o other ionic liquids was a better environment for the removal of 

ulfur compounds [82] . 

Table 6 was also listed in the comparison of this research work 

ith the available references. It was noteworthy that no report has 

een published so far for [HEMIM][DCA] and [HEMIM][CL]. There- 

ore, for the first time, these ionic liquids’ physicochemical prop- 

rties were measured and reported in the wide range of temper- 

tures in this research work. In Table 6 , only some comparative 

esults of [BMIM][MeSO 4 ] were compiled. 

. Conclusion 

The data of physicochemical properties on ionic liquids were 

ritical for both theoretical research and industrial application. 

reating a database would develop research and investigation 

f ionic liquids. Thus, here, for the first time, we synthesized, 
 100 μg g −1 sulfide ion in the investigated ionic liquids; working electrode, SP-GCE 
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Table 6 

Experimental and literature values of densities ( ρ), refractive indices (n D ), dynamic viscosities ( η), surface tensions ( γ ) of the 

[BMIM][MeSO 4 ] at 293.15, 298.15 and 303.15 K. 

property 

Present work Literature 

293.15 K 298.15 K 303.15 K 293.15 K 298.15 K 303.15 K 

ρ/(g mL −1 ) 1.2111 1.2070 1.2051 1.2112 [5] 1.2078 [5] 1.2044 [5] 

1.2117 [55] 1.2084 [55] 1.2050 [55] 

η/(mPa.s) 202.0 150.4 115.3 269.1 [52] – 151.9 [52] 

– 209.0 [55] 169 [55] 

122.3 [37] 93.78 [37] 73.35 [37] 

n D 1.4794 1.4785 1.4759 1.4804 [52] – 1.4781 [52] 

– 1.4782 [83] 1.4770 [83] 

γ /(mN m 

− 1 ) 44.5 44.0 43.8 45.5 [55] 45.1 [55] 44.8 [55] 

44.1 [84] 43.3 [84] 42.8 [84] 

44.4 [37] 43.7 [37] 43.4 [37] 
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haracterized, and carefully measured several essential proper- 

ies of ionic liquids 1–butyl–3-methylimidazolium methyl sul- 

ate, 1-(2-Hydroxyethyl) −3 methylimidazolium chloride, and 1- 

2-Hydroxyethyl) −3-methylimidazolium dicyanamide in the wide 

emperature range. Because of the inherent advantages of these ILs, 

uch as a scavenger for some environmental pollutants (i.e., hydro- 

en sulfide), and for objectives in our further researches, we con- 

idered studying density, viscosity, surface tension, refractive in- 

ex, pH, conductivity, speed of sound, thermal expansion. Also, the 

hermal stability and electrochemical window of these ILs were ac- 

urately measured. The results showed that these physicochemical 

roperties quite temperature depended, and anion of ILs affected 

hem. The results also showed that, by using square wave voltam- 

etry, synthesized ILs are the best medium for the simultaneous 

etermination of RSH and H 2 S. 
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