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Abstract

Ammonium ionic liquids (ILs) are relatively cheap in synthesis and environmentally benign and
despite that they have been very rarely used in gas separation. In this research we used several
ammonium ILs as liquid membranes for removal of residual toluene from gas phase. lonic liquids
used in this study were composed of bis(trifluoromethylsulfonyl)imide anion [Tf:N] and
trimethylbutylammonium [Ni114], trietylbutylammonium [N2224], trietylhexylammonium [N2224],
trietyloctylammonium [N222s] cations. Selected ILs formed stable membranes with limited
swelling effect and good performance. The highest toluene permeability was recorded for
[N2228] [Tf2N] of 2666 barrers and for triethyl based ILs it was decreasing with carbon atoms
number. The selectivity of toluene/N> separation was in a range of 29 to 120. For better process
illustration, the factors influencing the permeation process, namely viscosity and partition

coefficients were examined.
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1. Introduction

Ionic liquids are composed of a large asymmetric organic cation (ex. alkylimidazolium, alkylpirydinium,
alkylammonium) and smaller organic or inorganic anion (ex. hexafluorophosphate,
bis(trifluoromethylsulfonyl)imide) [1]. Those with a large number of fluoride atoms have low melting
points [2]. The possibility of designing the anion and cation structure results in a formation of new ionic
liquids [3]. Due to the huge number of possibilities, they are referred to as “tunable” fluids. Ionic liquids
are a substitute for toxic and volatile organic compounds due to low volatility, which prevents from
pollution of gas streams. Therefore they are gladly used in research on gas separation.

Unflagging interest is given to ammonium ionic liquids. The first one was obtained in 1914 by Walden.
Among many fields, they have been used in extraction [4—6], catalysis [7] and gas separation, mainly
CO: [8—13]. In organic separation they have been used rarely, mainly for extraction and separation from
liquid phase, for example 1-butanol from diluted aqueous solutions [14,15].

Activity coefficients at infinite dilution for methyl(trioctyl)ammonium thiosalicylate ((N1888][TS]) and
Ammoeng 100® reported by Reddy et al. suggest that ammonium-based ionic liquids are not well suited
to aromatic-aliphatic extraction due to lower selectivity than for example imidazolium-based ionic
liquids [16]. There are some additional literature data confirming this conclusion [17]. However,
Matsumoto et al. obtained satisfying data for separation of cyclohexane and benzene through vapor
permeation, they used N,N-diethyl-N-methyl-N-(2-methoxyethyl) ammonium tetrafluoroborate and got
separation factor of 185 for 53 wt.% benzene and 950 for 11 wt.% benzene [18]. Also Domanska et al.
performed separation of aromatic hydrocarbons from hexane and octane using ethyl(2-
hydroxyethyl)dimetylammonium bis(trifluoromethylsulfonyl)imide and reported it as feasible [19].
They were also used to remove Bisfenol A from water [20].

Ammonium ionic liquids are cheaper in production than imidazolium ones, however still the cost is high,


http://mostwiedzy.pl

A\ MOST

therefore using it in absorption system is hardly considered. In present study we used them in supported
ionic liquid membrane system where ammonium ionic liquids were held in the membrane pores by
capillary forces [21] to create membrane feasible for separation of toluene residues from gas phase.
Using ionic liquids allowed to overcome common problems of the technology like: secondary stream
pollution or loss of the membrane phase caused by vaporization [22—24]. Stability of polymer supports
impregnated with ionic liquids has been widely studied and it has been proven that ILs can be easily
embedded in polymer or ceramic supports and form a stable system suitable for gas separation [8,25—
29].

Ammonium ionic liquids haven’t been used in such systems before. In present paper we present the
potential of utilization ammonium ionic liquids for toluene separation from toluene/N> model stream.
Since all the ionic liquids used in this study are based on the same anion, the effect of alkyl chain length

of cation substituent is discussed.

2. Experimental

2.1.  Materials

Nitrogen was ultra-high purity and supplied by AirLiquid. Toluene was purchased from POCH S.A. GH
Polypro (polypropylene) — PP supplied by Pall, Gelman Laboratory was used as a support with 80%
porosity and average 0.2 pm pore size reported by the producer. Bulk density of the support sheet was
900 kg/m® and the initial thickness 92 um. However, own analysis performed with digital image
processing software have shown that the average pore size was about 4.7 pm, whereas 0.2 um was the

diameter of the smallest holes. SEM image is presented in Figure 1.
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Figure 1. Scanning electron micrograph of PP support [26]

Nitrogen/toluene mixture was prepared according to the procedure described by Uyanik et al. [30]. The
concentration of toluene was about 200 ppm (v/v), measured by GC method in all experiments. ILs used
in this study were based on the bis(trifluoromethylsulfonyl)imide anion and cations with different alkyl
chain lengths, all liquid at room temperature. Key properties of the ILs are presented in Table 1 and
structures are presented in Figure 2.

Ionic liquids used in this study were: trimethylbutylammonium bis(trifluoromethylsulfonyl)imide
[N1114][Tf2N], triethylbutylammonium bis(trifluoromethylsulfonyl)imide [N2224][TE2N],
triethylhexylammonium  bis(trifluoromethylsulfonyl)imide [N2226][Tf2N], triethyloctylammonium
bis(trifluoromethylsulfonyl)imide [N2228][TfaN]. All chemicals were purchased from IOLITEC,

Heillbron, Germany with purity higher than 99%.

Table 1. Ionic liquids used in the experiments

Chemical Molecular
Abbreviation Molar Mass [g/mol]  Purity [mass %]

Formula volume [nm>]*
[N1114][TF2N] CoHisF¢ N204S:2 396.37 >99 0.450
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[N2224] [ T£2N] C12H24F6N204S> 438.45 >99 0.534
[N2226] [ Tf2N] C14H28F6N204S, 466.51 >99 0.562

[N2228][Tf2N]  Ci6H32F6N204S2 494.56 >99 0.590

*calculated on the basis of Vc =M / (p-Na), where M- molar mass, p — density, Na — Avogadro

no.

[
trimethylbutylammonium triethylbutylammonium triethylhexylammonium triethyloctylammonium

[Nii1a] * [N222a] © [N2226] © [N222s] "

b)

bis(trifluoromethylsulfonyl)imide

[THNT

Figure 2. Chemical structure of ionic liquids ions: a) cations; b) anion

2.2.  Physicochemical properties of ionic liquids

Prior to each experiment ionic liquids were kept in a vacuum dryer at 373 K for 24 h to remove traces
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of water and volatile contaminants. After degassing, water content in ionic liquids was determined using
Karl-Fischer coulometric titration method with Metrohm 831 KF Coulometer. Selected physicochemical
properties that are important from the point of view of formation of liquid membrane and gas separation
process were determined.

Surface tension for estimation of support wetting was determined by the pendant drop method using
Tensiometer Kriiss DSA 10 at room temperature. Measurements of dynamic viscosity coefficient were
conducted in order to estimate diffusion resistance in liquid membrane using Brookfield Rheometer
LV III. The temperature was kept constant within £0.01 K. The dependence of shear stress (Pa) vs. shear
rate (1/s) was determined at several temperature points from 288 to 318 K.

Wetting properties of ionic liquids listed in Table 1 were estimated on the basis of advancing and
receding contact angles that were determined with the dynamic sessile drop method using Tensiometer
Kriiss DSA 10. Despite the porosity of supporting material, the legitimacy of using that method was
based on the size of the material pores which was much smaller than the size of the liquid drop.
Advancing angle 0., receding angle 0; and the hysteresis 0,-0; were determined at 298 K. The relative
humidity of the air was about 60%, therefore the time of drop stabilization was minimum to prevent
water vapour from absorption and resulting changes in parameters to keep the error as low as possible.
The shape of air/liquid interface of a drop was analysed using digital system and matched to a numeric

model [31].

2.3.  Partition coefficients

The partition coefficients, K, were calculated as a ratio of toluene mole fraction in gas phase (cg) and
toluene mole fraction in liquid phase (ci). The concentration of toluene was analysed using headspace
gas chromatography (Gas Chromatograph Clarus 500). Samples were prepared by adding previously
degassed ionic liquid to a headspace vial. The vials were sealed and the samples were purged with a pure

nitrogen. Then, toluene was added through septum. The samples were prepared using electronic balance
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with a resolution of +£0.00001 g. In order to provide that the vials are gas tight, control samples were
prepared. Prepared mixtures were kept at the isothermal conditions at the desired temperature maintained
with an accuracy of £0.1 K until equilibrium state was obtained, which was determined experimentally
on the basis of phase composition. Detailed description of the procedure is given elsewhere by

Cichowska-Kopczynska et al. [32].

2.4.  Preparation of supported ionic liquid membrane

Supported ionic liquid membranes were prepared in a stainless steel vessel presented in Figure 3. Before
each experiment, polymer supports and ionic liquids were again degassed in vacuum dryer Vacucell 55
according to the method described in the literature [33—35]. Degassed polymeric supports (1) was placed
in a stainless steel pressure vessel (2). The vacuum was again applied using vacuum pump (4) to remove
excess air from the pores of the polymer. The ionic liquid of amount of 0.1 cm? per 1.0 cm? of support
surface was added to a glass syringe (8). The syringe was then mounted at the vessel top and the valve
(6) was opened. After the liquid has been completely sucked to the vessel, nitrogen (5) was introduced
through valve (7) to produce positive pressure of about 100 kPa, controlled with a pressure sensor (3).
Overpressure was maintained for about an hour which, as investigated earlier, was enough to provide
complete pores saturation. Subsequently, the pressure was released, membrane was carefully removed

from the vessel and the excess ionic liquid was removed from membrane surface using blotting paper.

b 1
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Figure 3. Membrane preparation vessel (1 — membrane; 2 — pressure vessel (a,b — top and

bottom part); 3 — pressure sensor; 4 — vacuum pump; 5 — gas container; 6,7 — valves; 8 — syringe)

2.5.  Measurement of permeation through supported ionic liquid membranes

The potential of ammonium ionic liquids in toluene removal from gas mixtures was estimated on the
basis of separation selectivity. The experiments were performed in the experimental set-up shown in
Figure 4 according to procedure described in previous paper [32]. Results obtained for N> proved its low
permeability and no difference in static and dynamic measurements was observed. Therefore N
permeability was measured on the basis of the drop of pressure in the feed chamber and increase of
pressure in permeate chamber. Toluene permeation experiments were conducted in dynamic system at
transmembrane pressure of 15 kPa where the flow rates of feed and receiving phase were controlled by

flowmeters.

Computer

GC

1
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Figure 4 Experimental set-up for permeability and mechanical stability determination (1, 2 — gas
containers, 3- gas sample container, 4 — SILM, 5 — thermostate,6 — vacuum pump, 7- gas

chromatograph, 8 - analog-digital converter, 9 — permeation chamber)

2.6.  Membranes stability

To estimate the stability of membranes based on ammonium ionic liquids several associated effects have
been measured, i.e. wetting, swelling and mechanical resistance. Swelling of supports was determined
on the basis of membrane thickness using microscope and digital camera that was recording the thickness
increase in several time periods. Mechanical stability expressed as transmembrane pressure that results
in membrane disruption was investigated in a laboratory test unit presented in Figure 4. Experiment
consisted of evacuation of both parts (upper — permeate side and bottom — feed side) of the stainless steel
chamber and introducing inert gas to the feed compartment at a rate of 50 Pa/s. Transmembrane pressure
was measured using differential pressure sensor between feed and permeate side of the membrane.
Additionally, separate absolute pressure sensors were used in both sides of the measuring chamber, so
the difference in values indicated by the sensors was used for validation of differential pressure sensor
indications. The pressure of inert gas at which the pressures in upper and bottom parts of the chamber
levelled out was recognized as mechanical stability. Detailed description of the procedure is given by

Cichowska-Kopczynska et al. [32].

3. Results and discussion

3.1.  Physicochemical properties of ionic liquids

From the point of view of chemical technology, viscosity of ionic liquids used in gas separation

processes is a key aspect due to related technical issues like pumping or mixing and also diffusion
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resistance. Generally, ionic liquids have relatively high viscosity, however in supported ionic liquid
technology it ensures that the liquid is held in the pores of the support. In this study dynamic viscosity
coefficient was determined in a range of 288-318 K in 5 K intervals. Detailed results can be found in
Supplementary information including comparison with data found in the literature. Viscosity values
reported in this work are close to results obtained by Tokuda et al. and Gathee et al., but are significantly
lower than those obtained by Dakkach et al. or Battaharje [36,37]. It is common for ionic liquid that
large discrepancies of the values of physicochemical properties can be found. The most often reason is
diference in water and organic impurities content in ionic liquids used in experiments. The purity of ILs
used in this study given by producer was >99% and for example Machanova et al. used ILs with purity
0f99.5% [38], Sun et al. used ILs with water content below 1000 ppm, but no exact values are reported
[39]. Among examined ammonium ionic liquids, the lowest dynamic viscosity coefficient was recorded
for [N1114][Tf2N] and was about 168 mPa-s at 288 K, decreasing with temperature to 98 mPa-s at 298 K
and 43 mPa-s at 318 K. Elongation of three methyl chains to ethyl ones resulted in viscosity increase of
35% at 298 K. For triethyl ILs increase from butyl to hexyl chain gave 14% viscosity increase and from
hexyl to octyl 24% increase. Therefore, diffusion resistance increases when using ionic liquids with
higher carbon atoms number chains. In comparison to imidazolium ionic liquids it is several times
higher, for example viscosity of 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide is 49

mPa-s at 288 K [32].

As Okoturo et al. have summarized, the viscosity—temperature dependence can be approximated by the
Arrhenius model if the ILs contained less symmetrical cations without functional groups in the alkyl
chain. When the ILs contain small, symmetrical cations with low molar mass the viscosity — temperature
dependence can be described by the VTF model. The ILs containing cations which were less symmetric,
containing functional groups, or have higher molar mass cannot be accurately described by the Arrhenius

neither VTF model. The temperature of ideal glass transition decrease with increasing size and molar
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mass of the cation and anion [40]. Valderrama et al. have been investigating the generalized viscosity
model based on Valderrama-Patel-Teja cubic equation of state and the geometric similitude concept to
correlation and prediction the ionic liquids viscosity (particularly imidazolium cation based ionic
liquids). They proposed generalized viscosity equation of state including a single adjustable parameter,
which can be calculated using a single value of viscosity, and using such an estimated model enables
predicting the viscosity at other temperatures and pressures with acceptable accuracy [41]. In this article,
the viscosities of examined ionic liquids were approximated by the Vogel-Tamman-Fulcher (VTF)

equation:

B

n = neeT-To (1)

where 1 is viscosity (mPa-s), 1o is pre-exponential constant (mPa-s), T is temperature (K), B and To are
equation constants. Regression of the experimental data was good with R? in a range of 0.996 to 0.999

and is presented in Figure 5. Calculated values of 1o, B, To and R? are listed in Table 2.

Table 2 Calculated parameters of VTF equation (1)

Ionic liquid No [mPa-s] To [K] B [K] R2

[N2224] [T£2N] 0.6405 209.6800 470.7875 0.9985
[N2226][Tf2N] 0.1199 174.2641 882.1100 0.9997
[N2228] [ Tf2N] 0.3018 190.5808 689.7197 0.9999
[N1114] [Tf2N] 0.8820 209.0656 414.1330 0.9963
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Figure S Viscosity vs temperature fitted with VTF equation

The values of surface tension were examined in order to determine contact angles, and did not exceed
32.5 mJ/m?, no relation with alkyl chain length was found (see Supplementary Information). The study
on contact angles of ionic liquids at PP support indicated very good wetting properties. As described in
detail elsewhere [8] slightly lower contact angles were recorded for ionic liquids with incorporated hexyl
and octyl alkyl chains. Advancing contact angles for those were both 21.3 deg and based on this it was

assumed that formation of supported liquid membrane with ammonium ionic liquids is possible.

3.2.  Partition coefficients

Partition coefficients of toluene in N»>/ammonium ionic liquids system presented occurred to be low,
which indicates good solubility (see Table 3). Triethyl based ILs had significantly lower coefficients
than those reported for imidazolium ionic liquids [32]. For higher carbon atoms number in cation
substituent, the partition coefficients were higher. Similar conclusion was given by Requejo et al. in

research on [Ni114][Tf2N] and [Naasa1][T2N] [42].
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Table 3 Partition coefficients of toluene

Temperature [K] [N2224][T2N] [N2226][ T2N] [N222g][T2N] [N1114][T2N]
288 0.0345+0.0027 0.0254+0.0068 0.0201+0.0088 0.0938+0.0093
293 0.0406+0.0052 0.0294+0.0063 0.0233+0.0098 0.0988+0.0044
298 0.0471+0.0071 0.0383+0.0035 0.0322+0.0033 0.1066+0.0044
303 0.0552+0.0060 0.0511+0.0071 0.0410+0.0059 0.1241+0.0015
308 0.0674+0.0042 0.0639+0.0064 0.0480+0.0023 0.1584+0.0061
313 0.0741+0.0047 0.0709+0.0039 0.0506+0.0054 0.1637+0.0048
318 0.0798+0.0046 0.0768+0.0080 0.0560+0.0086 0.1690+0.0063

In Figure 6 the impact of temperature on the partition coefficients is presented. Significant increase was
observed with the increase of temperature, however for triethyl based ILs the values of partition
coefficients at 318 K were still lower than the values obtained for imidazolium ILs containing [TfO]
anion at 288 K [32]. This higher solubility should compensate noticeably higher viscosity of ammonium
ILs. Moreover, ammonium ionic liquids present lower toxicity than imidazolium ones, therefore it would

be favorable to use them instead [42]. Toluene affinity to ionic liquids used in this study is high and it

increases with the increasing number of carbon atoms.
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Figure 6. Partition coefficients of toluene

3.3.  Single gas permeability

Permeability of pure nitrogen was measured in order to determine the selectivity of toluene/N»
separation. Though some of the researchers report that the solubility of nitrogen in ionic liquids increases
with temperature increase [43], several researchers report opposite effect [44,45], nevertheless nitrogen
solubility in ionic liquids is very low as well as the observed permeability.

The calculated permeability increases with temperature (Figure 7) and elongation of the alkyl chain
length of one substituent resulted in higher permeability. Nitrogen permeability occurred to be as low as
10 barrers for [N2224][Tf2N] which gives an optimistic perspective for selective separation of toluene.
The highest values were reported for [N1114][ Tf2N] due to the lowest viscosity of this specific ionic liquid

among others used in this study.
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Figure 7 Nitrogen permeability through ammonium liquid membranes

3.4.  Toluene permeability through SILMs
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Figure 8 Permeability of toluene vs temperature

According to results presented in Figure 8, permeability increases with the temperature in regard to
decreasing viscosity. Considering the alkyl chain length of ionic liquids despite viscosity increase,
permeability increases with the carbon atoms number in ionic liquid structure. This is due to higher
hydrophobicity. In case of [N1114][Tf2N], as evidenced by permeability, higher partition coefficients and
thus solubility were compensated by significantly lower viscosity resulting in transport properties that
occurred to be better than for [N226][Tf2N] and worse than for [Noxg][Tf2N]. Also lower molecular
volume of [N1114][Tf2N] of 0.450 nm? that is 20% lower than that of [N2226][Tf2N] contributes to higher
permeability. Kulkarni et al. studied the effect of ammonium cation structure on absorption potential.
They used series of Aliquat and phenylated cations and observed that the aromatic ring in cation structure
does not increase absorption capacity and the absorption properties are rather a result of a three-
dimension network structure and the integration of the solute inside that structure [46]. They have also
noticed that in comparison to imidazolium ionic liquids, the ammonium ones present higher absorption
capacity [46]. In present study that was confirmed in case of [N2228][Tf2N] and [N1114][Tf2N] in regard
to results presented in previous study where permeability for imidazolium ionic liquids was presented
[32]. Though we have not examined imidazolium ionic liquids with 8 carbon atom chain, on the basis
of the permeability increase with alkyl chain elongation, we can predict that permeability would not
exceed the value obtained for [N2228][ Tf2N] that is 2666 barrers at 318 K. The differences in permeability
of toluene among the ILs were lower at reduced temperatures. The case was also observed for partition
coefficients. Moreover for 4 and 6 carbon atoms the values of permeability were very close, whereas for
8 carbon atoms the values slightly stood out and increased with temperature faster than for [N2224][ Tf2N]
and [N2226][Tf2N]. This is a result of rapid viscosity decrease of [N222s][Tf2N] and intense increase of

partition coefficients of [N2224][Tf2N] and [N2226][ Tf2N].
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Temperature dependence of permeation flux is represented by Arrhenius equation:

Ej

J = JoeRT 2)
Huang et al. pointed out that activation energy for permeation in Eq. (2) does include the enthalpy change

resulting from solute phase change [47]. Taking into account permeation values in Eq. (3):
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Figure 9 Temperature dependence of toluene permeability

Since the activation energy of permeation includes the activation energy of diffusion and enthalpy of

dissolution and the latter is generally negative for sorption processes, obtained positive E, values (Table

4) display higher temperature impact on diffusion than on sorption of toluene in permeation process.

Table 4 Infinite permeability, activation energy and R? for permeation of toluene through SILMs

Tonic liquid Po [barrer] Ep [kJ/mol] R?
[N2224] [ TF2N] 6312 3.99 0.9730
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[N2226] [ Tf2N] 10950 5.24 0.9716
[N2228] [ Tf2N] 921723 15.28 0.9413
[N1114][Tf2N] 125492 10.98 0.9380

The higher sensitivity to temperature changes of [N2228][Tf2N] and [Ni114][Tf2N] is indicated by
activation energy. Therefore the slope of permeability vs. temperature is higher for those ILs than for
[N2224][T2N] and [Na226][TH2N].

In Table 5 toluene and nitrogen permeability as well as ideal selectivity are presented. The overall
selectivity was in a range of 29-120. The lowest values were observed for [N1114][ Tf2N] and except one
temperature point (288 K) for [N224][Tf2N] due to lower viscosity and resulting lower diffusion

resistance.

Table 5 Permeation and selectivity

Permeability
Temperature
Ionic liquid [barrer] Selectivity
[K]
toluene N2
288 1298+8 18+2 72
293 1323+12 20* 66
298 1522+21 20+1 76
[Nun][TEN] 303 1687222 i 54
308 1700+41 2842 61
313 1764+33 42%* 42
318 2023447 53+3 38
288 1202+13 1042 120
293 1229+19 15% 82
298 1264423 18+2 70
[N2224] [TE2N] 303 1291424 20% 59
308 1321+17 2743 49
313 1352433 20%* 47
318 1420+29 49+6 29

288 1234413 1344 95
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293 1288+62 15* 86

298 1304+70 2042 65
[N2226] [ Tf2N] 303 1354+82 24% 56
308 1419+41 313 46
313 1490+94 3% 46
318 150196 5316 41
288 1548+51 1542 103
293 1653+70 18* 92
298 196263 24+1 82
[N222s][ TH2N] 303 2236+61 26* 86
308 2539+74 33+4 77
313 2600+76 33* 79
318 266649 5542 48

e - data calculated on the basis of nitrogen permeation vs temperature slope

3.5.  Membranes stability

Membranes based on ammonium ionic liquids occurred to be stable for at least 30 days. During the
experiment we have never reached the end of membranes life therefore we cannot estimate the overall
life time. In fact, in comparison to our previous research with imidazolium ionic liquids [32] the average
swelling effects were slightly lower for ammonium ILs. After 120 hours since preparation of the liquid
membrane was complete, membranes reached the final thickness and no further swelling effect was
noticed. The results are pictured in Figure 10. The maximum thickness increase of 32% was observed
in case of [Ni114][Tf2N], whereas other systems did not gain more than 25% of thickness. In case of
imidazolium ionic liquids the 28-40% increase was observed [32]. As expected, [N1114][Tf2N] caused

the biggest effect due to the lowest molecular volume of all ILs used in this study.
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Figure 10 Swelling effect

No direct relation of thickness increase and carbon atoms number was found. However, as Izak et al.
observed, swelling of polymers contacting with ionic liquids can be dependent on the water content in
the membrane phase [48]. Though 1onic liquids were dried before experiments they kept some water:
0.0542, 0.0248, 0.0624 mass%, respectively for 4, 6 and 8 carbon atoms in alkyl chain. As [N2228][ Tf2N]
caused higher swelling than [N2224][T2N] and [N2226][Tf2N] caused lower swelling than both of them
and at the same time had more than two times lower water content it is likely that for pure ILs elongation
of alkyl chain results in higher swelling, however water content plays an important role. Literature
highlights the impact of water on ILs properties, in case of swelling location of water molecules in ILs
structure impacts the penetration of ILs into the polymer changing the position of ions to gain minimum
of interface free energy. In case of Nafion membranes it was found that polymer expansion occurs as a

result of forming large clusters of ionic liquid cation solvated with water [48].
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The stability of membranes in regard to pressure was estimated of the basis of maximum pressure
possible to apply without mechanical damage of the system. As evidenced in Figure 11, it was observed

that the pressure was declining with the elongation of alkyl chain length, so the lowest was recorded for

[N2228][ TE2N].
504 = [N,,JITEN]
¢ [N, JITEN]
. A N, IITEN]
0 IN,, JITEN]
45 -

Pressure [kPa]
o i

N
=]
|

I ! | ! I
285 300 315
Temperature [K]

Figure 11 Mechanical strength, expressed as trans-membrane pressure of ammonium ionic

liquid based membranes

In case of [N1114][Tf2N] it was slightly lower than for [N2224][Tf2N] at 283 and 288 K and higher at 298,
303 and 318 K. Though the swelling effect was the highest of all examined systems for [N1114][Tf2N]
the mechanical stability was improved in comparison to other ILs. Those membranes seemed to be more
elastic than others. However detailed research on interaction between ammonium ionic liquids and
polypropylene would be beneficial in order to improve mechanical stability of SILMs, but reports on the

influence of ILs on membrane structure are very limited.
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4. Conclusions

Ammonium ionic liquids though cheaper in production and more environmentally friendly than
imidazolium ones, they are very briefly examined and rarely used in organics separation. In this research
we proved that ammonium ILs can be successfully used in gas separation process with performance
close to their imidazolium equivalents.

The selectivity of separation of toluene from nitrogen in a range of 29 up to 120 occurred to be promising
for toluene removal, for example from industrial air. Properties of the ILs and resulting membrane
systems can be easily adjusted to specific needs by changing the nitrogen substituents to tailor some of
the most important technological factors like viscosity, permeability, selectivity or membrane stability.
For example, despite the viscosity increase, elongation of one alkyl chain from 4 to 8 carbon atoms
resulted in permeability increase from 1264 to 1962 barrers and selectivity increase from 70 to 82,
respectively at 298 K. Considering stability of ammonium based ionic liquid membranes, mechanical
properties were almost alike for [N224][Tf2N] and [Ni114][T2N] systems, above 45 kPa, and
significantly better than for [N226][Tf2N] and [N2228][Tf2N]. Moreover, in regard to permeability,
performance of membranes based on [N1114][Tf2N] was better than of those based on [N2226][Tf2N] and
[N2228][Tf2N], though the solubility of toluene in [Ni114][Tf2N] was lower. This was the result of the
lowest viscosity of [N1114][Tf2N] among the tested ionic liquids. Low viscosity is also the reason of
relatively high diffusion of nitrogen at low temperatures through the membrane based on [N1114][ Tf2N]
(18 barrers at 288 K and 20 barrers at 293 K). Therefore, the selectivity of [Ni114][Tf2N] at low
temperatures was lower than for other systems, however in moderate temperature range the selectivities
of [N1114][Tf2N], [N2224][T£2N] and [N2226][ Tf2N] systems were very close, from 42 to 47 at 303K, and
from 54 to 59 at 313 K. The selectivity of [N2228][ Tf2N] system was significantly higher from 86 to 77,
respectively.

Considering the obtained results, the most reasonable way during the design of a liquid membrane
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system seems optimizing the permeation rate and selectivity for a given process conditions (temperature,

pressure) and for a specific gas mixture. In this regard, the experimental work is needed to be performed

to evaluate the overall liquid membrane performance and to make prediction of permeation parameters

possible.
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SUPPORTING INFORMATION

Table S 1 Physicochemical parameters of ammonium ionic liquids (* - this work)

Surface tension Temperature Viscosity
Ionic liquid

[mJ/m?] K] [mPa-s]

121.60+0.17*
293

136.2[49], 137.7[37], 138.3[36]

73.08+0.09*
303

76.6[49], 82.19[36]

47.19+£0.03*
313

49.3[49], 50.51 [36], 53.01 [36]

[N2224][ Tf2N] 288 280.88+2.29%

31.01+0.14* 298 131.71£0.45*

308 76.29+0.09*
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318 47.90+0.19*

293 201.40+0.36%*

118.70+0.61*
33.7[50] 303

137.9[50]

69.20+0.08*
32.9[50] 313

81.64[50]

[N2228][ Tf2N] 288 357.83+0.35*

21.75+0.28%, 186.07+0.23*
298
33.1[50] 202[39], 221.4[50], 238.7[38]

106.85+0.92%
32.3[50] 308

124.7[50], 134.7[38]

31.4[50] 318 67.79+0.04*
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