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Effect of Relative Humidity of Air on Density, Apparent Molar Volume, Viscosity,
Surface Tension, and Water Content of 1-Ethyl-3-methylimidazolium Ethylsulfate

Ionic Liquid
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The effect of relative humidity (RH) of air on the water content, density, apparent molar volume, dynamic
viscosity, and surface tension of the ionic liquid 1-ethyl-3-methylimidazolium ethylsulfate has been studied.
Physical property measurements were conducted at a temperature of 298.15 K, at atmospheric pressure, and
in a RH range of (0 to 100) %. The experimental data were fit to first- and third-order polynomials that
relate the physical properties with the relative humidity of air and the water content of [emim][EtSO,] with
correlation coefficients higher than 0.9. The apparent molar volume was fit by the Redlich—Mayer equation
with a relative standard deviation (o) less than 2 cm®-mol ™. Excess molar volumes, viscosity, and surface
tension deviations of a mole fraction average were calculated, and a second- and third-order Redlich—Kister

polynomial was applied (¢ equal to 0.01 cm®+mol™', 0.5 mPa-s, and 0.6 mN+-m~

!, respectively).

Introduction

Tonic liquids (ILs) are a class of low-temperature molten salts
consisting of an organic cation and inorganic or organic anion.
In recent years, ILs have attracted increasing attention as
replacements for conventional organic solvents in catalysis,
separation processes, electrochemistry, and many other fields.'

One of the most attractive features of ILs is their ability to
be tailor-made for a specific purpose by careful selection of the
cation, anion, or both.>? However, given the enormous number
of possible cation/anion combinations, IL design would be
greatly assisted by theoretical models to estimate the thermo-
physical properties of intended combinations.® Tonic liquid
design would further be assisted if it were possible to predict
what effect common IL impurities such as water have on their
physical properties. Most ILs absorb water to varying extents
from wet surfaces or from the atmosphere,“‘5 and even low levels
of water in ILs can dramatically alter their physical properties.
Therefore, in this work, we studied the effect of relative
humidity (vide infra) on the density, apparent molar volume,
dynamic viscosity, surface tension, and water content on the
ionic liquid 1-ethyl-3-methylimidazolium ethylsulfate, [emi-
m][EtSO,]. Relative humidity (RH) is a measure of the amount
of moisture in the air relative to the amount the air is capable
of holding at a given temperature.

Seddon et al.* and others™™'! have previously studied the effect
of water absorption on the physical properties of ionic liquids,
but to the best of our knowledge, the effect of RH has not been
conducted to date.

To test the quality of our experimental data as well as to
probe the nature of real aqueous solutions of ionic liquids, we
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Table 1. Equilibrium Relative Humidities of Saturated Salt
Solutions at T = 298.15 K'3

chemical RH/%
lithium chloride 11.1
potassium acetate 22.5
magnesium chloride 325
potassium carbonate 43.7
sodium dichromate 53.3
sodium bromide 58.1
sodium nitrite 64.4
sodium chloride 75.4
potassium chloride 84.3
ammonium dihydrogen phosphate 92.5
Milli-Q water 100.0

used Redlich—Kister and Redlich-Mayer equations to model the
viscosity and surface tension deviations and excess molar
volume.

Experimental Section

Chemicals. The ionic liquid [emim][EtSO,] (= 95 % purity)
was purchased from Sigma-Aldrich Chemie GmbH, chloride
mass fraction < 0.3+10~ % and water mass fraction < 4.7+107%.
Lithium chloride (LiCl = 99 % from Panreac Chimie S.A.R.L.),
potassium acetate (CH;COOK = 99 % from Panreac Chimie
S.A.R.L.), magnesium chloride 6-hydrate (MgCl,*6H,0 > 99
% from Panreac Chimie S.A.R.L.), potassium carbonate (K,CO;
> 99 % from Panreac Chimie S.A.R.L.), sodium dichromate
2-hydrate (Na,Cr,0,:2H,0 = 99.5 % from Panreac Chimie
S.A.R.L.), sodium nitrite (NaNO, = 98 % from Panreac Chimie
S.A.R.L.), sodium chloride (NaCl = 99.95 % from Panreac
Chimie S.A.R.L.), potassium chloride (KCl = 99.5 % from
Panreac Chimie S.A.R.L.), ammonium phosphate (NH,)H,PO,
= 99.5 % from Panreac Chimie S.A.R.L.), methanol dry
(CH;0H, Riedel-de Haén, HYDRANAL—water mass fraction
< 0.01 %), and the standard for volumetric Karl Fischer titration
(Riedel-de Haén, HYDRANAL-standard (5.00 =+ 0.02)
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Figure 1. Scheme of hydration equipment. Device (0.175 m height, 0.042
m L.D.); small cubic container (0.045 m height, 0.03 m 1.D.).

Table 2. Experimental Water Content, Density, Apparent Molar
Volume, Dynamic Viscosity, and Surface Tension of [emim][EtSO,]
as a Function of its Water Content at 7 = 298.15 K

RH/% 10° wy,o p/geem > V_ /fem’+mol™' p/mPa-s y/mN-m"'

- 475 1.23626 190.8 91.85 47.00
11.1 7540 1.23451 190.6 83.60 47.23
22.5 14399 1.23393 190.5 70.21 48.01
325 25306 1.23135 190.2 65.61 48.08
43.7 30466 1.23000 190.1 55.78 48.09
533 41850 1.22801 189.9 33.30 48.14
58.1 38486 1.22715 189.8 41.85 47.93
64.4 56434 1.22630 189.7 30.63 47.95
75.4 69373 1.22245 189.6 24.80 48.25
84.3 75187 1.21951 189.6 23.63 48.97
92.5 92916 1.21544 189.4 17.41 49.35
100.0 94926 1.21498 189.4 14.73 50.11

mg-mL~" as water) were used. The aqueous solutions were
prepared using ultrapure water obtained from a Milli-Q water
purification system (Millipore, Saint Quentis Yvelines, France).

All the ionic liquid samples were dried by heating at 333 K
for 24 h under reduced pressure. All experiments were carried
out in a vacuum atmosphere glovebox under dry nitrogen due
to the sensitivity of the ILs to humidity. The mean of three
replicate measurements was reported. The water content of the
sample was measured before and after each volumetric property
determination.>®

Hydration Equipment. To determine the absorption equilib-
rium moisture of [emim][EtSO,], an isopiestic method was
used.'>"? Several runs were carried out in air with different
relative humidities that were generated by saturated solutions
of different salts in water at 298 K and atmospheric pressure
(Table 1). The experimental device (Figure 1) consists of a
cylindrical glass vessel half-filled with a saturated salt solution
at 298 K. The type of salt resulted in a known equilibrium air
humidity inside the device. A small cubic container made of
glass was filled with [emim][EtSO,] and hung at the top of the
vessel. The container was periodically weighed until the mass
remained constant. The IL was hydrated until the relative change
of the water content rate, WCR (described by eq 1), between
two consecutive mass measurements of the container was =<
0.03 %.

B M(t+1)—M(2)

R
wC M.

ey
where M, M, and ¢ are the initial sample mass, sample mass,
and the hydration time in hours, respectively. The operating
procedure consisted of placing 15 cm? of [emim][EtSO,] IL in
a small closed vessel in which the relative humidity (RH) is
controlled by the saturated salt solutions (25 cm?). After 5 days,
it was assumed that equilibrium between water vapor and the
IL (WCR < 0.03 %) had been reached. In this way, 11 different

unsaturated solutions of IL in water were made. The hydration
equipment was cleaned between experiments by rinsing with
acetone and water, followed by heating in a drying oven at
333.15 K for 24 h.

Estimation of Uncertainties. In this work, every expanded
uncertainty was evaluated from n independent observations Z;
of Z; obtained under the same measurement conditions. The
mean of the distribution was calculated using eq 2, and the
standard uncertainty u(Z,) of the mean was estimated by eq 3.
The expanded uncertainty was subsequently estimated by
multiplying u(Z,) by the coverage factor (k, = 2), eq 4.'*"°

@)

3)
“

Density Measurements. The densities of aqueous solutions
of [emim][EtSO,] were determined at 298.15 K (£ 0.01 K)
and at atmospheric pressure using an Anton Paar density meter,
model DMA 5000 (Anton Paar GmbH, Graz, Austria). The
uncertainty in the experimental measurements was found to be
less than & 1+107° g+cm™>. The density of ultrapure water was
determined using the same method, and the measurements are
in agreement with literature values.'®

Dynamic Viscosities. Dynamic viscosities of aqueous solu-
tions of [emim][EtSO,] were determined using an automated
microviscometer, model AMVn (Anton Paar GmbH, Graz,
Austria). Its measuring ranges of time, viscosity, and temperature
values are up to 250 s, 2500 mPa-s, and 408.00 K, respectively.
The standard uncertainty in experimental measurements has been
found to be less than + 0.01 mPa+s. The equipment maintains
the operating temperature of the capillary and measures time
with a resolution of 0.01 K and 0.001 s, respectively. The
principle of measurement, on which this microviscometer is
based, is a falling ball."”

Surface Tension. The surface tension measurements were
performed using the pendant drop method'® and a Dataphysics
OCA 15 tensiometer (Dataphysics Instruments GmbH, Filder-
stadt). The compartment containing the ionic liquid drop was
thermostatted using a JULABO F12-EC bath with a temperature
stability of £ 0.03 K; a temperature range of (253.15 to 373.15)
K was employed. The experimental apparatus includes an
experimental cell, an optical system for the illumination and
the visualization of the drop shape, and a data acquisition
system. Using an electronic injection system, a pendant drop is
formed, and the contour of the drop is analyzed from its
visualization to infer the surface tension using suitable software
(SCA 20 from Dataphysics Instruments GmbH). The uncertainty
of the surface tension measurement was estimated to be less
than & 0.05 mN-m™ .

Water Contents. Water contents of the aqueous solutions of
[emim][EtSO,] were carried out by employing a Karl Fischer
titrator DL31 from Mettler Toledo and using the one-component
technique. The polarizing current for potentiometric end-point
determination was 20 A, and the stop voltage was 100 mV.
The end-point criterion was the drift stabilization (3 ug of
H,O+min"") or maximum titration time (10 min). The measure-
ment was corrected for the baseline drift, defined as the residual
or penetrating water that the apparatus removes per minute. The
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Table 3. Comparison of Measured Pure Component Property Data of [emim][EtSO,] with Literature Values at 7 = 298.15 K.

olgrcm n/mPa-s y/mN-m~' 10% w0 V,/em?+mol ™!
exptl lit. exptl lit. exptl lit. exptl lit. caled lit.
1.23626 1.23737¢ 91.85 95¢ 47.00 46.96° 475 45¢ 190.8 192.14
1.23882" 100.4” 98"
1.23763¢ 97.58°¢ 300°
“Ref 6. ” Ref 19. © Ref 20. ¢ Ref 8.
10 U . -
e 9 ionic liquid samples varying significantly. Indeed, the largest
s | | difference (viz. Arce et al.) is ~ 0.0026 g-cm™>."
¢ .
. The apparent molar volumes (V) for aqueous solutions of
2 6 . 7 [emim][EtSO,] reported in this work are also in good agreement
S with literature data (Table 3).® For example, the viscosity of
= 47 ¢ B the commercial [emim][EtSO,] used in this work differs by <
. 9 mPa-s from data reported in the literature.®'>*° This difference
27 . i is mainly due to the water content of the IL used in Arce’s
. work (< 98+107°)."? Finally, the surface tension for commercial
0 ' ‘ [emim][EtSO,] reported in this work is also in agreement with
0 20 40 60 80 100

RH/ %

Figure 2. Plot of water mass fraction (wy,o) of [emim][EtSO,4] vs relative
humidity of air (RH) at 7= 298.15 K.

0 0.2 04 0.6 0.8 1

Figure 3. ¢, Excess molar volume and deviations in O, viscosity and A,
surface tension of [emim][EtSO,] plotted vs water mole fraction (x,,) at 7'
= 298.15 K. The lines represent the corresponding correlations by the
Redlich—Kister equation.

expanded uncertainty decreases with the mass fraction of water.
Atw=3+10"2,6-10"% and 9+ 10>, the uncertainty decreases
by 2.5 %, 0.6 %, and 0.4 %, respectively.

Results and Discussion

The influence of atmospheric moisture on the density,
apparent molar volume, viscosity, surface tension, and water
content of [emim][EtSO,] is reported in Table 2. The density,
apparent molar volume, and viscosity of [emim][EtSO,] all
decrease with increasing relative humidity. On the other hand,
in the employed RH range, the surface tension and the water
content of the IL increased with increasing RH.

As illustrated in Table 3, the density values reported in the
literature for pure [emim][EtSO,]'®'*2° are in agreement with
data obtained in this work, despite the water contents of these

Table 4. Coefficients of the Redlich-Kister Equation®'

literature data (A = 0.04 mN-m™!).2°

As shown in Table 3, viscosity values exhibit the largest
differences between our work and that available in the literature.
This is most likely because, of all the physical properties studied

in this work, viscosity is the most sensitive toward water
1.5 content.>?!

e Effect of RH on the Water Content of [emim][EtSO ]
- 1-15 = IL. Relative humidity is the ratio between the partial pressure
g <§] of water vapor and the vapor pressure of water at a given
mg | P temperature; i.e., it quantifies the water content of air. High
EN § values of RH mean that there is a large amount of water vapor
= in the air and consequently that hydration of [emim][EtSO,],

135 for example, should be easy.
| | 45 In this work, at 298.15 K, the water content of [emim][EtSO,]

was measured at different RH values (between 0 % and 100
%). Vapor-liquid equilibrium was assumed to be reached once
the variation of WCR between two consecutives measurements,
eq 1, was less than 0.03 %. As can be seen in Figure 2, there
is a linear relationship between RH and water mass fraction of
the [emim][EtSO,], eq 5 (correlation coefficient, R, higher than
0.99 and the standard deviation, o, equal to 1.5-107> of Wh,0)s
and the water mass fraction (wy ) of this IL increases with
increasing RH. These observations are consistent with the
hygroscopic nature of [emim][EtSO,].

Wi0 = 886.21'RH 5)

Effect of RH on Density. The influence of the RH of air on
the density of [emim][EtSO,] is shown in Table 2. The density
decreases with increasing RH. The change of density with the
relative humidity and water content was adequately described
by two total derivatives of first order with respect to RH and
w,o Of fitted equations (first-order polynomial, which correlates
density of mixture versus RH and Wh,0» R? > 0.95, 0 = 0.001
g+cm >, and R* > 0.98, 0 = 0.0006 g+cm ™, respectively), eqs
6 and 7.

0 A, A, A, A, R? rmsd
V¥/em? -mol ! —-1.7017 —0.7387 —0.2810 - 0.99 0.012
An/mPa-s —166.304 —77.975 319.286 409.862 0.95 0.5
Ay/mN-m™! —53.3176 82.9127 538.621 495.844 0.90 0.6
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dRH/g cm = —0.0002 (6)

/grem’=—0.2 7
T /8rem (M

The excess molar volume (VF) was calculated by eq 8 (Figure
3), and it was fitted by means of the Redlich—Kister polynominal
equation, eq 9.%

VE=Y xM, ——1) 8

R ©

Q=x,(1—x)) A Q2x,— 1) 9)
i=0

Ineqs 8 and 9, N, M,, p, p;, O, x,,, ¢, and A, represent the number
of components of the mixture (water and IL), molar mass of
component i (g+mol "), density of mixture (g-cm ), density
of pure component (g+cm?), excess molar volume (Q repre-
sents either the viscosity or surface tension deviations), molar
fraction of water in an aqueous solution, the degree of the
polynomial expansion, and fit parameters, respectively.

The order of the Redlich—Kister equation was optimized by
the correlation coefficient (R?) and root mean square deviation
(rmsd) values, eq 10. The order of this equation was tested from
first to sixth. It was found that the second-order Redlich—Kister
equation estimates V¥ with the least rmsd and the highest R*
(> 0.99). Therefore, a second-order Redlich—Kister equation
was found to be the optimum method to estimate the V. The
A, parameters, R%, and rmsd values calculated in this study are
shown in Table 4. As can be seen in Figure 3, there is a negative
deviation from ideality, providing an indication of the interac-
tions between water and [emim][EtSO,] molecules resulting in
negative excess volumes. This departure from the ideal behavior
might be due to hydrogen bonds between water and the IL, and

these results are in agreement with the literature.®>°
(Zexptl calcd)Z
rmsd = (10)
Mgat

In eq 10, 7P, 7Y, n, and ng, are the experimental and

calculated property, number of estimations, and number of
experimental data, respectively.

Apparent molar volumes (V,, cm?+mol ™) for IL solutions
were calculated from the experimental density of the aqueous
solutions measured in this work. The apparent molar volumes
are derived from the density of aqueous solutions of [emi-
m][EtSO,], eq 11.

1% —1000(pw p)+1ﬂ (11)
mpy,p P
Ineq 11, p, p, m, and My, are the density of water, density of
aqueous solutions, molality of IL, and molar mass of [emi-
m][EtSO,], respectively. The derived values were also correlated
by a Redlich—Mayer equation, eq 12.%

V, =V +58,Vm+B,-m (12)

Ineq 12, VO(/) is the limiting apparent molar volume. S, and B,
are empirical parameters of the model. These fit parameters and
standard deviation are listed in Table 5.

Effect of RH on Dynamic Viscosity. The effect of RH and
wi,o of [emim][EtSO,] IL on its viscosity, 7, is shown in
Table 2. The viscosity decreases with increasing RH and
water content of the IL. The change of viscosity with the

Table 5. Coefficients of the Redlich—Mayer Equation®
10%-V°, 10°-S, 10°:B, o

m?>mol 2kg R*> cm*-mol!

v, 188.93 0.36 —0.01 0.94 2

m’+mol™'  m>-mol>?-kg"”

RH was described by two total derivatives of first order with
respect to RH and wy ¢ of fitted equations (linear regression
equation, which correlates viscosity of the mixture against
RH (R* > 0.97 and 0 = 2 mPa+s) and against wy ¢ (R* >
0.92 and o0 = 4 mPa-s)), eqs 13 and 14.

dn _

R/mPars = —0.807 (13)
A paes=—812 (14)
dWHzO

In aqueous solutions of IL, when x, increases toward 1
(Figure 4), the ionic liquid density and viscosity approach
those of pure water, and therefore, the addition of water to
[emim][EtSO,] leads to a decrease in viscosity and density
of the mixture.”> The viscosity deviation was calculated
following eq 15 and fits the Redlich-Kister polynomial
equation, eq 9.%
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Figure 4. Density (a), viscosity (b), and surface tension (c) values
of [emim][EtSO,] as a function of its water mole fraction (x,,) at 7' =
298.15 K.
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Ap=n-=" nx, (15)
=

In eq 15, N, x;, 1, and #, represent the number of components
of the mixture, mole fraction of component i, viscosity of
mixture, and viscosity of pure components, respectively. As has
been described in the effect of RH on density subsection and
taking into account the statistical parameter values shown in
Table 4, a Redlich—Kister equation of third degree was found
to be optimum to estimate the A». The fit parameters, R* and
rmsd, are shown in Table 4. The relatively small rmsd value of
the fits shows that Az could be adequately reproduced by the
third-order Redlich—Kister equation.

Effect of RH on Surface Tension. The effect of RH and
Wi,0 of [emim][EtSO,] IL on the surface tension 7y is shown
in Table 2. In the studied range, y increases with increasing
RH and water content. The change of surface tension with the
relative humidity was described by two total derivatives of first
order with respect to RH and wy o of fitted equations (third-
order polynomial, which correlates surface tension of mixture
versus RH and w, R*> > 0.97, 0 = 2 mN-m ! and R* > 0.92,
o =0.1 mN-m ', respectively), eqs 16 and 17.

Y N-m ' =3-1075-RH2—3.4+10
“rp/MNm ' =3-107-RH* ~ 3410 -RH +

7.9-1072 (16)
Y yN-m™ =4 10" w0 = 3410wy o +79
a7

The experimental y value of [emim][EtSO,] (47 mN ‘m 1) is
higher than that of conventional organic solvents such as
methanol (22.07 mN+m ') and acetone (23.5 mN+-m™ ') but less
than that of water (71.98 mN+-m™').>* Taking into account the
hydrophilic features of [emim][EtSO,], the surface tension
increases (Table 2) as the water content approaches that of pure
water (Figure 4). 2>2°

The surface tension deviation was calculated by eq 18 and
fitted by means of the Redlich—Kister polynominal equation,
eq 9. A Redlich—Kister equation of third degree was found to
be optimum to estimate the Ay. Table 4 gives the fit parameters,
R? and rmsd.

N
Ay=y=) rx, (18)
i=1

In eq 18, Ay, x;, and 7, represent the surface tension deviation
(mN-m™ "), mole fraction of component i, and surface tension
of pure component i (mN-m™ "), respectively.

As can be seen in Figure 5, comparing the derivative of every
regression equation (eqs 6, 13, and 16) with respect to RH, the
viscosity is the most sensitive property to the relative humidity
of air. This effect is also notable in 1-hexyl-3-methylimidazo-
lium chloride and 1-octyl-3-methylimidazolium chloride ionic
liquids.*!

Conclusions

In this work, the effect of relative humidity of air on the water
content, density, apparent molar volume, viscosity and surface
tension of the ionic liquid, 1-ethyl-3-methylimidazolium eth-
ylsulfate, was studied. The density, apparent molar volume, and
viscosity decrease, and the water content and surface tension
of the IL increase as the relative humidity of air increases.
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Figure 5. First derivative of regression equations vs relative humidity of
air: (a) viscosity (M, eq 13) and surface tension (A, eq 16) and (b) density
of [emim][EtSO,] (#, eq 6) at T = 298.15 K.

As expected, the absorption of atmospheric moisture by the
ionic liquid affects its chemical structure, and as a result,
noticeable changes to the investigated physical properties (vide
supra) occur. Of the studied physical properties, viscosity
exhibits the greatest sensitivity to RH.

The apparent molar volume was established by applying the
Redlich—-Mayer equation. The calculated excess molar volume,
the viscosity, and surface tension deviations were found to be
negative over the whole studied RH range. They were fitted by
the Redlich—Kister equation. The order of the Redlich—Kister
equation was optimized by statistical analysis (root-mean-square
deviation and correlation coefficient between real and predicted
values).
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