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The hydrophilicity of ionic liquids (ILs) could be exploited as desiccants or in sorption-driven heat trans-
formation, yet reports of water sorption isotherms of pure ionic liquids are still scarce. Here, water sorp-
tion studies for the six pure hydrophilic ionic liquids with 1-ethyl-3-methylimidazolium [EMIm]+ or 1-
butyl-3-methylimidazolium [BMIm]+ cations and acetate [OAc]�, formate [HCOO]� or lactate [Lac]�

anions show a steady and high water uptake with a small hysteresis between absorption and desorption
over the relative pressure range of p/p0 = 0 – 0.9 for the first time. Repeated static volumetric sorption
measurements with different amounts or different surface area of the example IL [BMIm][OAc] reveal
a slow and strongly diffusion-driven sorption process stemming from the absorption of surface-
adsorbed water into the bulk IL. Extrapolation of the water uptake to very small IL amounts with negli-
gible kinetic hindrance gives an equilibrium water uptake capacity of over 2100 mg/g(IL) at p/p0 = 0.9.
Gravimetric control experiments at a relative humidity of 75.5 % confirm the time-dependence with
the IL surface area at the gas–liquid-interface and the amount of the IL to reach the equilibrium uptake
of 1040 mg/g at p/p0 = 0.75.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Ionic liquids (ILs) are a field of high interest since their various
properties make them suitable solvents in catalysis, for cellulose,
for battery electrolytes and water absorption [1]. ILs are a class
of molten salts defined with a melting point below 100 �C [2].
The hydrophilicity and hygroscopic nature of ILs can be tuned
through the choice of cation and anion [3–4]. In imidazolium-
based ILs, the acidic proton in the C2–position (see Fig. S1 for the
numbering of the atoms) can form hydrogen bonds to water and
thereby contributes to the hydrophilicity [5]. The miscibility of
an IL with water is mostly determined by the anion [6]. ILs with
carboxylate anions are typically completely miscible with water,
whereas those based on the hexafluorophosphate or bistriflimide
anion are immiscible with water [7]. But even water-immiscible
ILs can absorb water from air [8–9]. The absorbed water will then
change the physical and chemical properties of the IL [10].

The high hydrophilicity of some ILs can be exploited, for exam-
ple by using them as desiccants [11] or as an alternative sorption
material to lithium halide solutions in sorption-driven heat pumps
or for thermal energy storage (see Fig. S2, Supporting Information
for further explanations) [12–13]. The largest drawbacks of the
usually used lithium halide solutions are their high corrosivity
and the limited solubility of lithium halide in water, while
water-miscible ionic liquids can be used in fractions up to
100 wt–% [12,14]. An important factor when using ILs in
sorption-driven heat pumps is the resulting heat of dilution during
the absorption process which is the usable energy. It could be
shown that the ionic liquid 1–ethyl–3–methylimidazolium acetate
([EMIm][OAc]) delivers 13.3 kJ of energy, when one mole of water
is absorbed into one liter of the IL, while this value for a saturated
lithium chloride solution is only 7.2 kJ [13]. Furthermore, the
reduction of the water vapor pressure in the water-solution of
ILs is comparable to that of LiCl-solutions, which results in favor-
able low circulation rates in absorption-cooling-pumps [12,15].
Schaber et al. already constructed an absorption heat transformer
using water and the ionic liquid 1–ethyl–3–methylimidazolium
methanesulfonate ([EMIm][MeSO3]) which yielded promising
results based on the coefficient of performance (COP, ratio of deliv-
ered heating power and used electrical power), the circulation ratio
and heat flow, but entailed a high technical effort [16].

The biggest hurdle for the use of ILs in sorption-heat-pumps is
to overcome their comparably low long-term thermal stability,
especially for hydrophilic ILs [17]. Conventional determination of
the temperature for thermal stability by thermogravimetric analy-
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Scheme 1. Cations and anions in the six selected ILs for water vapor sorption.
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sis (TGA) greatly depends on the used amount of the IL as well as of
the heating rate, which can be explained by the slow heat transfer
[18]. As a result, the decomposition temperature of ILs can be up to
100 �C lower than that determined by the onset-temperature dur-
ing TGA with normal heating rates of 5 K min�1 [19]. Imidazolium
acetate ILs already show a steady mass loss when heated con-
stantly at temperatures as low as 100 �C. ILs with alkyl sulfate
anions slowly decompose to bisulfate and the corresponding alco-
hol starting at temperatures of 120��C [20–22].

Another potential application for hydrophilic ILs is the use as
drying agents for gases. Acetate based ILs were shown to be better
absorbents for water than silica gel or magnesium sulfate, but
show a considerably lower water uptake when compared to phos-
phorous pentoxide (P4O10). However, ILs are easily regenerable by
drying, other than P4O10 [11]. A very important property, especially
for drying purposes, is the maximum water sorption capacity of
the ILs. The process of water sorption can be divided into three
steps: (I) adsorption of water at the IL surface, (II) absorption of
water into the IL by diffusion, (III) formation of water-ion
complexes.

The adsorption of water at the IL surface (I) is mainly controlled
by the alkyl chain length on the cation, since imidazolium salts
tend to orient the alkyl chains away from the surface, resulting
in stoichiometrically more alkyl chains found at the surface than
expected [9]. Regarding the absorption of water into the bulk IL
(II), there is no consensus whether this process is the rate-
limiting step in water sorption [23] or not [12]. By using ambient
pressure X-ray photoelectron spectroscopy (APXPS) it was sug-
gested that the kinetics of water adsorption at the gas–liquid-
interface are considerably faster than the absorption of water into
the bulk IL [24]. After the diffusion into the IL follows the formation
of water-ion-complexes (III). At low water fractions, symmetrically
H-bonded complexes of the type A����H-O-H���A� form (A� repre-
senting the anion of the IL). At higher water fractions, water-
water-interactions come into play, forming water-clusters inside
the ionic liquid [25–26]. Furthermore, the IL itself builds up aggre-
gates, creating hydrophilic and hydrophobic domains which are
comparable to micelles [24,27–28]. This aggregation increases
with the alkyl chain length on the cation but can already be
observed with ethyl chains [29]. This pronounced self-
organization is also observable in neat ILs, reducing the number
of effective charge carriers and subsequently the expected conduc-
tivity [30].

Determination of the water sorption capacity is usually carried
out by using the gravimetric method [9,11,23]. In this case, a
defined amount of the ionic liquid absorbent is placed in a chamber
with constant temperature and constant relative humidity. Then,
the increase in mass of the absorbent is detected by an analytical
balance, with the increase being a result of water absorbed from
the atmosphere. The disadvantage of this method is that the sorp-
tion capacity can only be determined for one static condition at a
time and not for a continuous range of partial water vapor pres-
sure, so the literature on complete water sorption isotherms of
pure ionic liquids is still scarce [8,31–33]. Radakovitsch et al.
recently reported water sorption isotherms using the volumetric
method for the (supported) ionic liquid [EMIm][MeSO3] coated
on silica gel for gas dehydration, showing very high water loadings
at high relative pressures [34–35].

In this work the volumetric vapor sorption method was used to
measure water sorption isotherms of six selected hydrophilic ionic
liquids for the first time, including complete absorption and des-
orption branches. The ionic liquids used in this study were com-
posed of the following ions: 1-ethyl-3-methylimidazolium, 1-
butyl-3-methylimidazolium, acetate, formate and lactate
(Scheme 1). The results obtained from the measurements using
2

the volumetric method were checked using gravimetric control
experiments.

2. Experimental section

2.1. Materials

Commercial chemicals were used without further purification.
Anion exchange resin Amberlyst� A26 (OH�-form) was purchased
from Acros Organics, (S)–lactic acid was purchased as a 90 % solu-
tion in water from Caesar & Loretz (ee = 96.96 %), 1-ethyl-3-
methylimidazolium bromide ([EMIm]Br, � 97 %) and 1-butyl-3-
methylimidazolium chloride ([BMIm]Cl, � 98 %) were purchased
from Sigma Aldrich. Water with a residual conductivity of
0.05 lS/cm at 25 �C was obtained from a MILLIPORE Synergy� water
purification system.

2.2. Synthesis of ionic liquids

All ionic liquids were synthesized using the anion exchange
method described by Alcalde et al. [36]. In short, a glass column
was filled with anion exchange resin Amberlyst� A-26 (OH�–form)
and consequently, the OH�-ions were exchanged with the desired
anion by slowly passing a 1 % solution of ammonium acetate/for-
mate in water or a 1 % solution of (S)-lactic acid in water:methanol
(1:1 v:v) through the column, until the pH of the eluate reached
the same value as the base solution (pH = 6 for ammonium
acetate/formate, pH = 4 for (S)-lactic acid). Subsequently, a 1 %
solution of [EMIm]Br or [BMIm]Cl in water was slowly passed
through the column to exchange the halide with the desired car-
boxylate anion. Afterwards, the solvent was removed by rotary
evaporation and the ionic liquids dried at 60 �C under vacuum
for at least 16 h. All anion-exchanged ionic liquids were received
in nearly quantitative yields. The purity of the ILs was established
by 1H and 13C NMR (Section 3, SI) and by anion chromatography
(Section 4, SI), the water content was determined after drying by
Karl Fischer titration.

2.3. Analytical methods

1H and 13C NMR spectra were recorded either with a BRUKER

Avance III–600 or a BRUKER Avance DRX–500 at 297 K and are refer-
enced to the residual solvent signal relative to TMS (CDCl3 1H NMR
7.26 ppm, 13C NMR 77.36 ppm; D2O 1H NMR 4.79 ppm). Diffusion
measurements have been conducted on a BRUKER Avance III–600
with a gradient field of up to 47 G/cm, a diffusion time of
310 ms and a gradient pulse duration of 2 ms.

Anion exchange chromatography was carried out using a THERMO

SCIENTIFIC Dionex ICS 1100 chromatograph with the anion exchange
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resin IonPac� AS22. The background conductivity of the eluent was
suppressed using a self-regenerating suppressor AERS500.

Thermogravimetric analysis (TGA) was conducted with a NETZSCH

TG 209 F3 Tarsus, applying a heating rate of 5 K/min until 600 �C
under nitrogen gas.

Coulometric Karl-Fischer titration was performed with an

ECH/ANALYTIK JENA AQUA 40.00 Karl Fischer titrator via direct injection
into the cell.

Volumetric water sorption isotherms were determined using a

QUANTACHROME VStar 4 at 293 K. Prior to the measurements, the sam-
ples were activated for at least 3 h at 60 �C using a QUANTACHROME

Flovac Degasser. For each point, the equilibrium conditions were
as follows: the equilibrium points number was set to 10 points
with an interval time of 60–90 s and a sorption rate limit of
0.005 Torr/min at low relative pressures (p/p0 = 0.001 – 0.6) and
0.01 Torr/min at high relative pressures (p/p0 = 0.7 – 0.9) (see Sup-
porting Information Section 6 for details). The error of volumetric
water sorption measurements is in the range of 2 %. Additional
water sorption experiments were conducted on a QUANTACHROME

Autosorb-iQ-MP at 293 K with the same degassing protocol prior
to the measurement. For the gravimetric control experiments, tem-
perature and relative humidity were checked using a VWR hygro-/
thermometer TH300.
3. Results and discussion

3.1. IL synthesis and characterization

The synthesis of the ILs was conducted by the anion exchange
method starting with the 1-alkyl-3-methylimidazolium halide as
described before [36]. In short, a solution of an imidazolium halide
was passed over the anion exchange resin loaded with the desired
anion (Scheme 2).

After drying of the IL, the 1H and 13C NMR spectra (Supporting
Information, Figs. S3–S14) show impurities only for the ILs with
the lactate anion, where a few additional peaks were present.
These could be traced to the used slightly impure (S)-lactic acid,
which also exhibited these same additional peaks. Additionally,
the anion purity of the ILs was determined by ion chromatography
and was in all cases above 98 %. All anion chromatograms can be
found in the Supporting Information (Figs. S15–S20).

The thermal stability of the ILs was examined with TGA at a
heating rate of 5 K/min until 600 �C. The TGA diagrams (SI,
Fig. S21) show that the thermal stability greatly depends on the
type of anion. While the [OAc]� and [HCOO]� based ILs decompose
at around 210 �C, those bearing the [Lac]� anion are slightly more
thermally stable, up to around 230 �C. This is caused by the addi-
tional hydroxyl-group in the [Lac] anion creating a stronger
anion-cation-interaction [12]. However, as already explained in
the introduction, the thermal stability of ILs can only be approxi-
mated by TGA scans with conventional heating rates of 5 K min�1

[18–19]. It is not clear if these lower thermal stabilities arise from
the formation of N-heterocyclic carbenes (NHC). While the forma-
tion of NHCs could not be confirmed experimentally yet and theo-
retical studies deny the possibility of NHC formation, carboxylate-
Scheme 2. Reaction scheme for the anion exchange process yielding the imida-
zolium carboxylate ILs.
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based ILs could be successfully used in otherwise NHC catalyzed
reactions, which suggest these ionic liquids to be ‘‘proto-
carbenes” [37–38].

The water content of the ionic liquids was determined by coulo-
metric Karl-Fischer titration between 1.0 and 4.5 wt%.

3.2. Volumetric water sorption measurements at given amount

Water sorption isotherms were measured at 20 �C for all six IL
samples and are depicted in Fig. 1.

All six ionic liquids show a very high water uptake, exceeding
1000 mg/g. It is evident that neither of the ILs reaches saturation
at 0.9 bar under the given experimental conditions. All isotherms
exhibit a high positive, apparently even increasing slope and are
far from levelling off at 0.9 bar. This indicates an absorption curve
far from saturation, which will be reached only at higher pressures.
The degree of hysteresis between absorption and desorption varies.

For the ILs with the [EMIm] cation (Fig. 1a), [EMIm][Lac] shows
the highest water uptake with 1570 mg/g, followed by [EMIm]
[OAc] with 1470 mg/g and [EMIm][HCOO] with 1280 mg/g
(Table 1). For the [BMIm] cation ILs (Fig. 1b) [BMIm][OAc] shows
the highest water uptake with 1830 mg/g, followed by [BMIm]
[Lac] with 1420mg/g and [BMIm][HCOO] with 1210mg/g (Table 1).
The ordering will not be discussed in detail here based on the later
apparent kinetic effects (see below). We only note that additional
hydrophilic groups in the lactate anion were expected to increase
the IL-anion-cation interaction and hence decrease the ion-water
interaction [12]. But it is also visible that [EMIm][Lac] only has a
Fig. 1. Water sorption isotherms of the ionic liquids (a) with [EMIm]+ cations and
(b) with [BMIm]+ cation, measured at 20 �C in the relative pressure range of p/
p0 = 0 – 0.9; sample mass was between 10 and 35 mg. Filled symbols represent
absorption, empty one’s desorption. For the overlay of the isotherms for the same
anion see Fig. S23, SI.



Table 1
Results of volumetric water sorption experiments summarized in comparison to previously determined sorption capacities using the gravimetric method.

Ionic liquid Method Conditions Sample amount [mg] Water uptake [mg/g] Ref.

[EMIm][OAc] gravimetric 25.3 �C, 35.3 % RH 738a [11]
volumetric 20 �C, p/p0 = 0.35 23.6 424 This work
volumetric 20 �C, p/p0 = 0.9 23.6 1470 This work

[BMIm][OAc] gravimetric 21.7 �C, 26.7 % RH 242 [39]
gravimetric 25.3 �C, 35.3 % RH 251a [11]
gravimetric 23 �C, 52 % RH 242b [23]
volumetric 20 �C, p/p0 = 0.27 10.4 314 This work
volumetric 20 �C, p/p0 = 0.35 10.4 369 This work
volumetric 20 �C, p/p0 = 0.54 10.4 584 This work
volumetric 20 �C, p/p0 = 0.9 10.4 1830 This work

[EMIm][HCOO] volumetric 20 �C, p/p0 = 0.9 34.9 1280 This work
[BMIm][HCOO] volumetric 20 �C, p/p0 = 0.9 24.1 1210 This work
[EMIm][Lac] volumetric 20 �C, p/p0 = 0.9 32.3 1570 This work
[BMIm][Lac] volumetric 20 �C, p/p0 = 0.9 16.0 1420 This work
[EMIm][MeSO3] volumetric 25 �C, p/p0 = 0.9 1250-1500c [34,35]

a Extrapolated from 40 h measurement.
b Extrapolated from 3 h measurement.
c Estimated from sorption isotherm plot.
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higher water uptake in the high relative pressure ranges starting
from p/p0 = 0.75. When zooming into the low relative pressure
range for the [EMIm] ILs (Fig. S24, SI) it is visible that [EMIm]
[HCOO] displays a sudden increase in the water sorption capacity,
a behavior no other IL shows. A possible explanation could be the
fact that [EMIm][HCOO] is the only ionic liquid which is not liquid
at room temperature. As a result, water vapor can barely be
absorbed into the IL bulk. Only after some water has already been
absorbed, the now IL-water mixture starts to become liquid, hence
enabling the water absorption.

At first sight, for the same anion, the total water uptake can be
changed significantly with only small variations in the cation from
[EMIm] to [BMIm]. For [OAc] the uptake increases by about
260 mg/g while for [Lac] it decreases by about 150 mg/g when
replacing the [EMIm] by the [BMIm] cation (Fig. S22b,c). The oppo-
site effect was at first puzzling and especially the higher uptake of
[BMIm][OAc] vs. [EMIm][OAc] appeared counterintuitive, since
longer alkyl chains should make the IL more hydrophobic and
thereby decrease the water uptake capacity [23]. The molecular
volume Vm, defined as the sum of the ionic volumes Vion, is another
option to predict physical properties of ionic liquids. The ionic vol-
umes have been determined before as 0.156 nm3 for [EMIm]+,
0.196 nm3 for [BMIm]+, 0.049 nm3 for [OAc]�, 0.064 nm3 for
[HCOO]� and 0.101 nm3 for [Lac]� [13,39]. It could be shown that
the molar concentration of ionic liquids decreases with increasing
molecular volume, hence the ionic liquid with lowest molecular
volume should have the highest molar concentration, from which
one could assume that it might have the highest water uptake. In
this case [EMIm][OAc] would be predicted to have the highest
water uptake and [BMIm][Lac] the lowest. However, this does
not coincide with the experimental data. Again, due to the kinetic
artefact (see below) we will not discuss this trend any further.

Water uptake has previously only been reported for the two
[OAc]-based ILs with the gravimetric method at static conditions
(Table 1) [11,23,40]. For comparison, relative humidity and relative
pressure are interchangeable by the equation %RH = p/p0 � 100%.
When comparing our results to previously reported work, strong
deviations in water uptake became evident. Furthermore, already
the literature-reported water uptake capacities for [BMIm][OAc]
were not consistent, as the ionic liquid showed nearly the same
water uptake (around 245 mg/g), independent of temperature
and relative humidity [11,23,39]. These results will be discussed
further in the following.
4

3.3. Mass dependence

As neither of the ILs reaches a saturation in water uptake at p/
p0 = 0.9 the possibility of a kinetic effect emerged. The diffusion of
water into the bulk IL decreases with increasing viscosity, hence it
should be slower in [BMIm] ILs since the viscosity increases with
the alkyl chain length [9,17]. On the other hand, longer alkyl
groups on the cation create additional ‘‘free volume” in the IL,
increasing the mobility of water in the bulk [25,41].

When reproducing the sorption measurements, it became evi-
dent that the results strongly depend on the used amount of the
IL. Initial typical sample masses for the absorption isotherms in
Fig. 1 ranged from 10 to 35 mg. The water sorption isotherms for
[BMIm][OAc] gave an inversely proportional uptake with the sam-
ple amount, that is the maximum uptake decreased almost linearly
with increasing sample mass (Fig. 2). It is evident from Fig. 2 that
the determination of IL water sorption by volumetric measure-
ments will underestimate the water sorption capacity due to the
slow uptake for bulk samples and the still too short equilibration
times (see below) in automatic volumetric gas and vapor sorption
analyzers.

The water sorption capacity of [BMIm][OAc] ranged from
2100 mg/g for 6.67 mg of sample to 900 mg/g for 64.14 mg of IL
sample (Table 2). Extrapolation of the water uptake to very small
IL amounts with negligible kinetic hindrance than gives an equilib-
rium water uptake capacity of over 2100 mg/g(IL) at p/p0 = 0.9. To
the best of our knowledge, we are not aware that a mass-
dependent water uptake in ILs has been reported before. Sorption
isotherm measurement assume a thermodynamic equilibrium at
each data point. It is only known that the transport properties of
ionic liquids change with the scale of the experiment. Berrod
et al. could show that for [BMIm][NTf2] ([NTf2] = bis(trifluormethyl
sulfonyl)imide, bistriflimide) the self-diffusion coefficient of the
cation is about six times smaller when measured on the ns–ms/
nm-mm scale (using pulsed-field-gradient-NMR techniques), com-
pared to the results obtained on the ps–ns/0.1–10 nm scale (using
quasi-elastic neutron scattering, QENS-experiments) [42]. In the
same study it was found by dynamic light scattering (DLS) exper-
iments on latex nanoparticles inside the IL, that ionic liquids show
a similar behavior as it is observed in micelles, arguing in favor of
micelle-like structure of ILs. This self-organization creates spatial
heterogeneities, affecting the mean IL dynamics. Burankowa et al.
could prove the same behavior regarding the diffusion coefficients



Fig. 2. (a) Water sorption isotherms for six different sample masses of [BMIm]
[OAc], measured at 20 �C in the relative pressure range of p/p0 = 0 – 0.9. For clarity,
only the absorption branch is shown. (b) Mass dependence of the maximum water
uptake at p/p0 = 0.9 and 0.75 of [BMIm][OAc]; the trendlines are a guide to the eye.

Table 2
Volumetric water sorption capacities for different amounts of [BMIm][OAc].

Sample
amount
[mg]

H2O uptake at p/
p0 = 0.9 [mg/g]

H2O uptake at p/
p0 = 0.75 [mg/g]

H2O uptake at p/
p0 = 0.3 [mg/g]

6.67 2099 1198 400
11.84 1809 1046 352
28.30 1639 956 319
32.48 1577 879 315
53.52 1367 877 305
64.14 906 662 278

Fig. 3. Water absorption isotherms of [BMIm][OAc] using a QUANTACHROME iQ in a
relative pressure range of p/p0 = 0 – 0.8. Filled symbols represent the measurements
with a stirred sample, empty symbols represent the measurement without stirring.
Both measurements have been carried out with the exact same sample (sample
amount 130 mg). During the measurement without stirring, the stirring bar was
still left inside the sample tube to ensure the same conditions. Note that the water
uptake values cannot be compared to the values in Fig. 2 since the sample tube gave
rise to a different IL surface area and thickness (see below).
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also using QENS-experiments for the ionic liquid [BuPy][NTf2]
([BuPy] = N-butylpyridinium) [43]. Here, our results indicate a
rather slow water sorption process, which is slower than equilibra-
tion times during the measurements so that the water uptake is
strongly influenced by the time given during the measurement.
The measurement was carried out with the longest possible equi-
libration time, that is up to 900 s on each pressure data point with
a pressure-change rate limit of 0.001 to 0.01 Torr/min (see Sup-
porting Information Section 6 for details). The rate of the water
sorption process for (I) adsorption of water at the IL surface, (II)
absorption of water into the IL by diffusion may thus depend on
the available surface area relative to the sample amount. A larger
relative surface area, that is a smaller sample amount should result
in a faster water uptake and vice versa.
5

To check this conclusion, we conducted another set of water-
sorption experiments using a QUANTACHROME iQ volumetric sorption
device. At the iQ device, it was possible to stir the IL during the
measurement with a magnetic stirrer in the sample tube and
thereby increase the surface area for the given sample amount.
The resulting isotherms and water uptake in Fig. 3 demonstrate
that under stirring the water sorption capacity increases. At a rel-
ative pressure of p/p0 = 0.8 the uptake is 930 mg/g when the sam-
ple is stirred, without stirring the uptake is only 785 mg/g. The
increase in water uptake is 145 mg/g simply by stirring the sample,
that is providing a larger surface area to accelerate the water
uptake. This supports the assumption of a kinetically controlled
water vapor sorption process. The stirring speed was put to the
slowest possible setting (at around 50 rpm), because higher stir-
ring speeds caused interference with the pressure measurement
(especially during crucial steps as cell volume measurement).
Hence, faster stirring was not possible. But it would be expected
that faster stirring would increase the sorption capacity at any
given point, until the equilibrium water uptake is reached.
3.4. Gravimetric control tests

Due to the mass-dependence of the water uptake from the vol-
umetric method we also conducted gravimetric control tests which
allowed for an extended water uptake time of up to 90 days at a
preset humidity. A desiccator containing a dish with a saturated
sodium chloride solution was used to give a stable relative humid-
ity (RH) of around 75.5 % [44], in which the IL samples were stored.
A schematic illustration of the setup is shown in Fig. 4. These
experiments have been exemplarily conducted for [BMIm][OAc].

For the first experiment, four tubes with the same diameter
(6 mm) were filled with different amounts of [BMIm][OAc], for
the second experiment, the same amount of the IL (around
85 mg) was filled into tubes with varying diameters (4, 6, 8 and
10 mm, Table 3), corresponding to increasing surface areas of
12.6, 28.3, 50.3 and 78.5 mm2, respectively. After placing these
tubes in the desiccator with the saturated NaCl-solution, the
increase in mass was checked regularly (every two days) using
an analytical balance (the maximum error is given by the error
of the balance and does not exceed 0.2 %). The resulting absorption



Fig. 4. Schematic illustration of the setup for gravimetric water vapor sorption
experiments. A desiccator containing a saturated NaCl-solution (blue) provided an
atmosphere with stable relative humidity in which the IL samples (yellow) were
kept for 90 days. Temperature and relative humidity were monitored using a
connected hygro-/thermometer. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Gravimetrically determined water absorption curves at 75.5 % RH of (a)
different amounts of [BMIm][OAc] in tubes with 6 mm diameter and (b) of the same
amount of [BMIm][OAc] (85 mg) with different surface area (due to tubes with
different diameters). (c) Time to reach the equilibrium of water sorption for [BMIm]
[OAc] in dependence of the surface area at the same (fixed) sample weight (black)
and in dependence of the sample weight at the same surface area (red). For
comparison, the time to reach equilibrium has been determined as the amount of
days it took each sample to surpass a water uptake of 1000 mg/g, the trendline is a
guide to the eye. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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curves are plotted in Fig. 5a. As can be clearly seen, the ionic liquid
takes up water continuously with a decreasing sorption rate when
the maximum uptake is approached and all samples converge to a
water uptake of nearly exactly 1040 mg/g as should roughly be
expected from the extrapolation of the volumetric uptake at p/
p0 = 0.75 for the different IL masses to very small IL amounts with
negligible kinetic hindrance (Fig. 2b). It can also be clearly seen,
that the time to reach the maximum water uptake increases with
increasing amount of IL at equal surface area. While the sample
with the least amount of [BMIm][OAc] reaches equilibrium after
around 12 days, it takes the sample with the highest amount
42 days to reach the same water uptake from air (Fig. 5c). This
comparison at equal surface area clearly indicates that the process
of water sorption is kinetically controlled by diffusion from the
surface into bulk of the IL. A kinetically controlled diffusion process
is further supported by the faster water uptake for equal amounts
of IL with increasing surface area (Fig. 5b). A limiting factor during
the water vapor sorption is the ratio of the surface area at the gas–
liquid-interface to the mass of the ionic liquid. The time until the
samples reach equilibrium is inversely exponentially proportional
to the surface area and linearly proportional to the amount of
the IL (Fig. 5c). With a surface area of 78.5 mm2 it takes about
14 days and for the same amount of IL but a surface area of only
12.6 mm2 more than 56 days are needed. The results are summa-
rized in Table 3.

At a water uptake of 1000 mg/g, the mole fraction of water xw
reaches a value of xw = 0.9. It could be shown previously for
[BMIm][OAc] that at this mole fraction, every anion is coordinated
by 5.61 molecules of water, which corresponds to the coordination
number of acetate ions in aqueous solution [26]. Even at such high
water contents ionic liquids still behave as the continuous phase
[27].

From Fig. 5a and b the difference in water uptake is visible until
all samples have reached equilibrium in water absorption. The
water uptake curves over time level-off slowly towards the equi-
librium uptake. Thus, it is not evident that an increase in water
concentration in the IL enhances the rate of water uptake from
the surface into the bulk. If the imidazolium alkyl chains are pref-
erentially oriented to the vapor phase [9], then the surface
adsorbed water must overcome this hydrophobic barrier. The
water-clusters inside the ionic liquid, which form at higher water
concentrations [25–26] would have little effect on the rate-
limiting surface-to-bulk transition.

The absorption can be described by a pseudo second order
absorption kinetics as given in Eq. (1)

qt ¼
t

1=ðk � q2
eÞ þ t=qe

ð1Þ
6

where qt [mg/g] is the absorption capacity at any given time t
[days], qe [mg/g] is the absorption capacity at equilibrium and k
[g/(mg�days)] represents the pseudo second order rate constant.
This has been exemplarily conducted for the samples containing
the same amount of IL with different surface areas (Fig. 5b). The
pseudo second order absorption kinetics proved to be an adequate
fitting equation giving a correlated R2 > 0.98 in all cases, the result-
ing curves are shown in Fig. S25 (Supporting Information). In accor-



Table 3
Time to reach equilibrium of the samples used for gravimetric water sorption
experiments in dependence of the exposed surface area at the liquid–gas interface
and the amount of [BMIm][OAc].

Tube diameter
[mm] a

Surface area
[mm2]

Amount IL
[mg]

Time to equilibrium
[d] b

4 12.6 83.6 56
6 28.3 85.0 30
8 50.3 82.8 19
10 78.5 83.3 14
6 28.3 27.4 12
6 28.3 59.9 23
6 28.3 85.0 30
6 28.3 115.2 42

a Exact diameters were: 3.96, 5.96, 7.95 and 9.94 mm.
b Time to pass a water uptake of 1000 mg/g based on the converged water uptake

values of 1040 mg/g in Fig. 5a,b.
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dance to the other results, the apparent rate constant of absorption
increases with increasing surface area, supporting the assumption
of faster absorption kinetics for thinner IL-films. For the given data,
the absorption rate constants are 9.5�10�5, 2.2�10�4, 3.9�10�4 and
6.0�10�4 g/(mg�days) for surface areas of 12.6, 28.3, 50.3 and
78.5 mm2, respectively.

In a control experiment the tubes of different diameters were
charged with different amounts of [BMIm][OAc] to reach the same
mass-specific surface area. The resulting absorption curves in Fig. 6
show nearly the same time-dependent water uptake in the first
22 days. These findings verify the assumption that the water vapor
sorption in ionic liquids is a strongly kinetically controlled diffu-
sion process for the absorption of water from the surface into the
bulk IL. Xie et al. reported a similar behavior for the CO2 sorption
of ionic liquids immobilized on titanium dioxide. It was shown,
that the equilibrium time for CO2 uptake increased with increasing
film thickness of the IL on the support in the nanoscale regime with
an up to 10 times longer equilibration time for thicker IL-films [45].
Noteworthy also the gas-dehydration work of Radakovisch et al.
[34–35] applied the IL [EMIm][MeSO3] as a thin layer ionic-liquid
phase coated on silica gel [46–47] because of the inherent short
diffusion paths.

Consequently, the fastest absorption rate should be reached
when the ionic liquid is applied as a thin film, thus maximizing
the mass-based surface area. At the same time, for the determina-
tion of the water vapor uptake of ILs, conventional sorption meth-
ods must consider the slow water diffusion into the IL, that is a
Fig. 6. Gravimetrically determined absorption curves at around 75.5 % RH of
different amounts of [BMIm][OAc] in vials with different diameters and thereby a
similar initial mass-specific surface area (area-mass relation, AMR).
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considerably longer time to reach thermodynamic equilibrium
than for other materials.

NMR techniques can be used to determine diffusion coefficients
using gradient techniques according to the Stejskal-Tanner equa-
tion (2) and this has already been performed for the mixture of
[EMIm][OAc] with water [12].

I
I0

¼ expð�c2g2d2 D� d
3

� �
DÞ ð2Þ

where I/I0 is the NMR signal ratio with and without gradient field, c
is the gyromagnetic ratio of 1H, g is the gradient field strength, d the
gradient pulse duration, D the diffusion time between pulses and D
is the sought-after diffusion coefficient. The experiment has been
conducted for a sample of [BMIm][OAc] with a water content of
9 wt-% (as determined by Karl-Fischer-Titration) at 298 K. It should
be noted, however, that the ionic liquid and water were premixed
and that the results do not represent the diffusion of water from
the gas into the liquid phase. For the given conditions the following
diffusion coefficients were determined: for water (1.4 ± 0.1)�10�10

m2/s, for the [OAc] anion (5.0 ± 0.4)�10�11 m2/s and for the [BMIm]
cation (3.8 ± 0.5)�10�11 m2/s. These results are in accordance to pre-
vious findings that water diffuses considerably faster in IL/water
mixtures than the ions [12]. Together with our other results, this
supports the assumption that the diffusion of water from the
adsorbed surface phase into the liquid IL phase is the rate limiting
step, which also explains faster absorption kinetics when the ionic
liquid is applied as a thin film.

To check the validity of the results from [BMIm][OAc] for other
hydrophilic ionic liquids, we conducted another gravimetric sorp-
tion experiment with [EMIm][OAc] using different amounts of
the IL in tubes with same diameter at RH = 75.5 %. In the same
manner as for [BMIm][OAc], the sample with the highest ratio of
gas–liquid-interface to volume (i.e. the sample with the lowest
amount of ionic liquid) was the one which reached equilibrium
the fastest. The time to reach equilibrium (i.e. a water sorption
capacity of 1350 mg/g) ranged from two weeks for the lowest sam-
ple amount of 52 mg to six weeks for the highest one of 197 mg
(Fig. S26, Supporting Information).
4. Conclusions

In this study we report complete water sorption isotherms for
six pristine hydrophilic ionic liquids using the volumetric method
over the relative pressure range of p/p0 = 0 – 0.9 for the first time.
All ionic liquids show a steady and high water uptake with a small
hysteresis between absorption and desorption. However, repeated
measurements with different amounts of IL showed that the g(wa-
ter)/g(IL) uptake strongly deviates with the amount of the IL used
for the sorption experiment. Further volumetric measurements
with the example [BMIm][OAc] showed that the maximum g/g
water uptake decreases with increasing amount of the IL when
the surface area stays similar. These results indicate that the pro-
cess of water sorption is rather slow and strongly dependent by
diffusion of the water from the IL surface into the bulk. Additional
water sorption experiments, in which it was possible to stir the liq-
uid during the sorption process, also indicated a slow and
diffusion-driven absorption process. Therefore, automatic volu-
metric water sorption studies are only meaningful with different
amounts of sample so as to extrapolate the uptake to very small
IL amounts with negligible kinetic hindrance. Furthermore, the
water sorption capacities of different ionic liquids are only compa-
rable if the same amount of sample is used for every sorption
experiment, or more precisely if the ratio of exposed surface area
to the volume of the sample is the same in all cases.
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Gravimetric control experiments were conducted with [BMIm]
[OAc] using a saturated NaCl-solution inside a desiccator, creating
a stable relative humidity (RH) of around 75.5 %, and confirmed the
assumption of a diffusion driven sorption process. While all sam-
ples reached an equilibrium maximum water uptake of circa
1040 mg/g at this RH, the time to reach this equilibrium increased
linearly with the amount of the IL and was inversely exponentially
proportional to the surface area at the gas–liquid-interface of the
IL. Thereby, results show a strong dependence of the sorption time
from the initial ratio of the surface area to the mass of the ionic liq-
uid. Gravimetric water sorption of samples with different amount
of IL but with the same mass-specific surface area lead to the same
time-dependent absorption curves, further confirming the results.
As already shown for CO2 sorption, also for water sorption the fast-
est sorption rates will be achieved when the IL is used as a thin film
as in supported ionic liquid phases.

For future experiments, the role of the enantiomer vs. racemic
mixture in the case of lactate-based ionic liquids seem worth to
be studied, to see if different structural arrangements in the IL have
an effect on overall water sorption properties.
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