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Studies on the Selective Transport of Organic Compounds by Using Ionic
Liquids as Novel Supported Liquid Membranes

Luis C. Branco, Joio G. Crespo, and Carlos A. M. Afonso*!?!

Abstract: The possibility of using room-
temperature ionic liquids (RTILs) in
bulk (nonsupported) and supported lig-
uid membranes for the selective trans-
port of organic molecules is demonstrat-
ed. A systematic selective transport
study, in which 1,4-dioxane, propan-1-
ol, butan-1-ol, cyclohexanol, cyclohexa-
none, morpholine, and methylmorpho-
line serve as a model seven-component
mixture of representative organic com-
pounds, and in which four RTILs based
on the 1-n-alkyl-3-methylimidazolium

are used together with the anions PF4~
or BF,~, immobilized in five different
supporting membranes, confirms that
the combination of the selected RTILs
with the supporting membranes is cru-
cial to achieve good selectivity for a
specific solute. The use of the RTIL 1-n-
butyl-3-methylimidazolium hexafluoro-
phosphate, immobilized in a polyvinyli-
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dene fluoride membrane, allows an ex-
tremely highly selective transport of
secondary amines over tertiary amines
(up to a 55:1 ratio). The selective trans-
port of a given solute through the RTIL/
membrane system results from the high
partitioning of the solute to the liquid
membrane phase which, in the case of
amines, is rationalized mainly by the
formation of a preferential substrate/
H—C(2) hydrogen bonding to the imi-
dazolium cation.

cation (n-butyl, n-octyl, and n-decyl)

Introduction

Room-temperature ionic liquids (RTILs), especially those
based upon the 1-n-alkyl-3-methylimidazolium cation, have
attracted growing interest during the last few years.["?l They
are nonvolatile, thermally stable, and, depending on the anion
and on the alkyl group of the imidazolium cation, the RTIL
may solubilize supercritical CO, (scCO,), carbonyl com-
pounds, alkyl halides, alcohols, and also transition-metal
complexes. Simultaneously, they demonstrate low miscibility
with water, alkanes, and dialkyl ethers, and are insoluble in
supercritical scCO,.[" 3 RTILs are emerging as an alternative
recyclable, environmentally benign reaction media for chem-
ical transformations,!4 especially for catalysisP®! and bioca-
talysis.”l The use of RTIL —scCO, as a biphasic solvent system
for homogeneous catalysis has also been recently demon-
strated.”? RTILs have also been successfully employed as a
stationary phase for gas chromatography,® in pervapora-
tion,”l and for the substitution of traditional organic solvents
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in aqueous organic solvent systems, as well as for selective
extraction of metal ions® 'l and for organic solvent/
scCO,[" 1l extractions.

The polarity of four RTILs has been recently assigned and,
in the case of 1-n-butyl-3-methylimidazolium hexafluoro-
phosphate (bmimPFy), it was considered to be between the
values for acetonitrile and methanol.['?. Tt is assumed that the
1,3-dialkylimidazolium RTIL is not a statistical aggregate of
anions and cations but, instead, a more organized structure
containing polar and nonpolar regions, through the formation
of weak interactions, mainly involving hydrogen bonds with
the C(2)H proton of the imidazolium ring.[" 13!

Solute extraction and recovery using supported liquid
membranes is recognized as one of the most promising
membrane-based processes.' In a supported liquid mem-
brane system a defined solvent or solvent/carrier solution is
immobilized inside the porous structure of a polymeric or
ceramic membrane, in such a way that the feed phase, in which
the solutes of interest are solubilized, is separated from the
receiving phase, where these solutes are transferred to and,
eventually, concentrated. This configuration has attracted a
great deal of interest, but its industrial application has been
hindered by the difficulty in designing supported liquid
membranes that exhibit high stability during operation.!'’]
The use of room-temperature ionic liquids as an immobilized
phase in a supporting membrane is particularly interesting
due to the nonvolatile character of the RTILs and their
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solubility properties in the surrounding phases, which makes it
possible to obtain very stable supported liquid membranes
without any observable loss of the RTIL to the atmosphere or
the contacting phases.

Our continuing interest in exploring new applications of
RTILsEP4 1 and the potential for development of new
separation processes based on supported liquid mem-
branes,l') prompted us to study the transport of organic
compounds between two organic phases using RTILs as a
liquid membrane.

Results and Discussion

Bulk (non-supported) ionic liquid membranes: To establish
the potential of the RTILs as liquid membranes, we per-
formed preliminary screening transport experiments using
U-shaped tubes with the RTIL 1-n-butyl-3-methylimidazoli-
um hexafluorophosphate
(bmimPF;) as a bulk liquid

— _— membrane (0.5 mL) between
2 3 two diethyl ether phases (3 mL

for each side) (Figurel1). A

Si,ge sige mixture of 14-dioxane (1),

propan-1-ol (2), butan-1-ol (3),
cyclohexanol (4), cyclohexa-
none (5), morpholine (6), and
methylmorpholine (7) was add-
ed to phase A and the transport
of each of these compounds to
phase B, through the bmimPF;
liquid membrane, was moni-
tored over time.

Figure 2 shows the percent-
age of recovery of each com-
pound, as detected by GLC in
phase B of the U-shaped tube,
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Figure 1. Schematic diagram of
the U-tube used for bulk RTIL
liquid membrane experiments.
1) Ionic liquid phase (0.5 mL),
2) side A diethyl ether phase
(3mL) containing the mixture
of compounds 1-7, 3) side B
diethyl ether phase (3mL), 4)

septa. during the first 6 h of operation.
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Figure 2. Percentage of recovery of each compound, detected in side B of
the U-tube.

3866 ——

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3 displays the percentage of each compound in the
bmimPF, liquid membrane phase, obtained by material
balance after determination of the concentration of each
compound, in both phases A and B. In all cases tested, solute
transport to side B increased during the first 6 h and no
significant concentration change was observed in both phases,
during the following 24 h.

For the alcohol series 2, 3, and 4, the degree of recovery of
each solute increased (3.9, 7.5, and 13.7 %, respectively, after
6 h) with the length of the carbon chain (compound 4 > 3 > 2).
These results are very interesting because in a bulk liquid
membrane configuration, in which the diffusion path in the
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Figure 3. Percentage of each compound in the bmimPF; liquid membrane
phase of the U-tube (relative to the initial amount of each compound in
side A).

liquid membrane phase is quite long, it is expected that
selectivity would be ruled by the diffusivity of each solute in
the ionic liquid. Furthermore, in this work, the feed, the
receiving, and the liquid membrane phases were not stirred
during operation; stirring could lead to a diffusion-controlled
process. Therefore, the behavior observed, in which com-
pounds with higher molecular weight are more favorably
transported, can only be explained by the importance of the
interactions that each solute establishes with the ionic liquid
in the membrane phase.

The transport of the ether 1 is very similar to that of the
alcohol 3 (8.8 versus 7.5 % after 6 h) and higher than that of 2
(3.9% after 6 h) suggesting that the size of the saturated alkyl
chain has a stronger effect on the transport than the presence
of the hydroxy group. In contrast to the moderate selectivity
observed on the examples above, a remarkable difference on
the degree of recovery was observed between the amines
morpholine (6) and methylmorpholine (7) (33.1 versus 0.4 %
after 6 h). It is also significant that the percentage of each
compound solubilized in the bmimPF, membrane increases
slowly over time for all the compounds tested, and that after
6 h a considerable amount of substrate (relative to the initial
substrate in phase A) was solubilized in this phase (between
26.4% for 4 and 70.9 % for 5). On the other hand, the amount
of 6 in the bmimPF; membrane was extremely high in the
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beginning (50.3 % after 15 min), and then slowly decreased
over time (23.1% after 6 h).

These results suggest that the competitive transport mech-
anism, which results from the overall chemical potential
difference between both sides (a mixture of compounds in
side A in opposition to diethyl ether in side B), is strongly
dependent on the relative affinity of each substrate to the
bmimPF, phase. Importantly, in order to be transported at a
high rate, a given solute not only has to be able to interact with
the ionic liquid but, also to partition from the ionic liquid
phase to the receiving diethyl ether phase. Otherwise, it would
accumulate in the RTIL membrane phase. This explains the
high degree of recovery observed for morpholine (6) which,
although it presents a high affinity for the bmimPF, phase, as
can be perceived from its high partitioning to this phase just
after 15 min of contact (see Figure 3), it is well recovered to
the receiving phase, as can be seen by its decreasing
concentration in the membrane phase.

Supported ionic liquid membrane: The above observations,
for which a bulk liquid membrane configuration was used,
prompted us to study the use of RTILs as new supported
liquid membranes for selective transport. The use of support-
ed liquid membranes presents a considerable number of
advantages: it permits the operation with an extremely large
specific membrane area (membrane area per unit volume)
without dispersing the extractant in the feed phase; therefore,
phase coalescence and separation is not necessary; extraction
and reextraction take place simultaneously, involving a
minimal amount of extractant, which is constantly regener-
ated; additionally, as will be discussed in this work, it is
possible to tune the selectivity of the extractant phase to a
defined solute by adequate selection of the solid supporting
membrane.

The transport studies were performed by using a labora-
tory-scale cell (2 x30mL) (Figure 4). A mixture of com-
pounds was dissolved in diethyl ether in side A of the cell, and

Figure 4. Schematic diagram of the cell used for the supported RTIL liquid
membrane experiments; 1) supported liquid membrane (A =8.5 cm?); 2)
septa; 3) magnetic stirrer.

side B was filled with diethyl ether. The two compartments
were separated by the RTIL immobilized inside the porous
structure of a supporting membrane. The transport of each
compound to the receiving phase B was monitored over time.

To understand the effect of the RTIL structure and the
supporting membrane, comparative studies were performed
by using the mixture of compounds 1-7 described above. The
following RTILs were evaluated: 1-n-butyl-3-methylimidazo-
lium hexafluorophosphate (bmimPF) and tetrafluoroborate
(bmimBF,), 1-n-octyl-3-methylimidazolium hexafluorophos-
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phate (C8imPFy) and 1-n-decyl-3-methylimidazolium hexa-
fluorophosphate (C10imPF;). The above RTILs were immo-
bilized in the porous structure of different hydrophilic
membranes such as polyvinylidene fluoride (PVDF), poly-
ethersulfone (PES), hydrophilic polypropylene (HPP) and
nylon, and also in nonhydrophilic polypropylene (NHPP).
Figure 5 presents, as an example, the percentage of
recovery for each compound during the first 6 h, using
bmimPF, immobilized in a PVDF membrane. In a blank

70 -
K
60 - / L4
[ ]
& 50
[}
°
2 40
0
2 .
3
a8 30+
€
Q
o
R 20 A
10 4 o - - - é
EED a %
ownf 8 8 , ,
0 360 720 1080 1440

time/ min  ——

O propan-1-ol {2)
butan-1-ol (3) X cyclohexanol (4)
cyclohexanone (5) ® morpholine (6)
methylmorpholine (7)

1,4-dioxane (1)

OXD e

Figure 5. Percentage of recovery of each compound, detected in side B of
the cell, using bmimPF immobilized in a PVDF membrane.

experiment, using the same PVDF type of membrane without
an immobilized ionic liquid, both feed and receiving phases
equilibrated for each compound after 30 min. A comparison
with the results of the bulk liquid membrane experiment
(Figure 2) shows a similar general increase of concentration
for each substrate, although some changes on the recovery
profiles are noticeable. These changes may be due to the
shorter diffusion path involved in the supported liquid
membrane configuration, or to different interactions estab-
lished with the permeating solutes, induced by the chemical
nature of the supporting membrane. This latter feature may
be explored to improve the separation selectivity for a defined
solute mixture.

For the other tested RTIL/supporting membrane combina-
tions, a general increase of the degree of recovery was
observed for each substrate during the first 6 h. To simplify
data analysis, Table 1 presents the percentage of recovery for
each compound after 6 h of operation.

The experiments performed with the same RTIL
(bmimPF,) show clearly that the nature of the supporting
membrane affects strongly the transport phenomena. Both
polypropylene (Table 1, entries 4 and 5) and nylon (Table 1,
entry 6) membranes are the ones that render higher transport
rates for all the organic compounds studied. As a consequence
these liquid membranes exhibit very poor selectivities for the
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Table 1. Percentage of recovery for each compound, detected in side B of the cell after 6 h of operation.

Entry Support!?! Ionic 1L 2 3 4 5 6 7 1-79 Ratio Ratio Ratio Ratio
liquid® [%] [%] [%] [%] [%] [%] [%] [%] 1:3 2:3:4 4:5 6:7

1 none bmimPF; 8.8 3.9 7.5 13.7 6.0 33.1 0.4 10 1:1 1:2:4 2:1 83:1
2 PVDF bmimPF; 2.8 10.0 2.8 1.5 2.1 63.5 0.8 12 1:1 7:2:1 1:1 79:1
3 PES bmimPF; 13.0 8.0 11.5 5.0 11.0 33.0 5.0 12 1:1 2:2:1 1:2 7:1
4 HPP bmimPF; 283 6.5 22.4 22.5 27.6 63.1 17.8 27 1:1 1:3:4 1:1 4:1
5 NHPP bmimPF; 47.5 16.5 39.9 39.9 40.8 414 31.8 37 1:1 1:2:2 1:1 1:1
6 nylon bmimPF; 259 37.8 245 16.3 20.2 75.5 153 31 1:1 2:2:1 1:1 5:1
7 PVDF bmimBF, 20.0 18.6 19.3 26.4 21.2 57.0 14.0 25 1:1 1:1:1 1:1 4:1
8 nylon bmimBF, 12.0 7.5 10.0 7.0 7.0 30.0 5.0 11 1:1 1:1:1 1:1 6:1
9 PVDF C8imPF; 35.7 20.2 34.7 59.5 35.6 442 31.8 37 1:1 1:2:3 2:1 1:1

10 nylon C8imPF, 28.5 121 26.2 41.6 26.9 27.9 18.4 26 1:1 1:2:3 2:1 2:1

11 PVDF C10imPFg 12.0 6.3 11.3 13.6 12.4 27.3 17.9 14 1:1 1:2:2 1:1 2:1

[a] Used abbreviations for the supporting membranes: polyvinylidene fluoride (PVDF), polyethersulfone (PES), hydrophilic polypropylene (HPP), and
nonhydrophilic polypropylene (NHPP). [b] Used abbreviations for the ionic liquids (RTIL): 1-n-butyl-3-methylimidazolium hexafluorophosphate
(bmimPF), 1-n-butyl-3-methylimidazolium tetrafluoroborate (bmimBF,), 1-n-octyl-3-methylimidazolium hexafluorophosphate (C8imPF) and 1-n-decyl-3-
methylimidazolium hexafluorophosphate (C10imPFj). [c] Legend of organic compounds: 1,4-dioxane (1), propan-1-ol (2), butan-1-ol (3), cyclohexanol (4),
cyclohexanone (5), morpholine (6), methylmorpholine (7). [d] Overall average percentage of recovery, for all substrates used (1-7).

different solute combinations. The PVDF support (Table 1,
entry 2) is the only membrane that retains the high transport
selectivity between amines 6 and 7, observed during the
experiment with bmimPF; in a bulk liquid membrane. This
behavior may be explained by the similarities between the
structure of this membrane and perfluorinated solvents, which
display a low tendency to undergo van der Waals interac-
tions;['”) in this case, the membrane acts mainly as a solid
support without establishing strong interactions with the
substrates or with the RTIL.

For the nonhydrophilic polypropylene (NHPP) membrane
(Table 1, entry 5) no appreciable selectivity occurs. Further-
more, the selectivity between 4 and 5 is almost negligible for
all the membranes tested, except for the most polar mem-
brane, polyethersulfone (PES), which leads to an inversion of
selectivity when compared with the bulk liquid membrane
experiment (Table 1, entry 3 versus entry 1). For the alcohols
2 —4 the same inversion of selectivity was observed but in this
case for the membranes PVDF, polyethersulfone (PES), and
nylon in opposition to the experiments with polypropylene
membranes (Table 1, entries 2, 3, and 6 versus entries 4 and 5).
In this case the best membrane is again polyvinylidene
fluoride (PVDF), because it leads to higher selectivities.

A second set of experiments was performed to understand
the effect of the structure of the RTIL used. These experi-
ments were performed with PVDF and nylon membranes
because they either lead to the highest selectivity observed
(PVDF), or they present the best compromise between
selectivity and overall transport efficiency (nylon). The
change of anion of the RTIL to the less hydrophobic BF,-,
promotes an increase of the overall degree of recovery but a
drastic decrease of the selectivity, when the PVDF membrane
is used (Table 1, entry 7 versus entry 2); for the nylon
membrane a decrease of the overall transport was observed,
but without an appreciable change of selectivity (Table 1,
entry 8 versus entry 6).

With regard to the effect of the alkyl chain of the RTIL, the
change of the n-butyl-3-methylimidazolium cation to n-octyl
promotes, for the PVDF membrane, a similar effect to that

3868
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observed for the substitution of the anion (Table 1, entry 9
versus entry 2), while for the nylon membrane an inversion of
selectivity occurred for the alcohol series 2—4, and between
cyclohexanol/cyclohexanone 4/5 (Table 1, entry 10 versus
entry 6). The change of the alkyl chain of the cation to n-
decyl, provokes a similar reduction of selectivity when using a
PVDF membrane (Table 1, entry 11 versus entry 2), but no
increase on the overall transport was observed. In this case the
behavior observed could also result from a partial solid-
ification of the immobilized RTIL, C10imPF,, on the porous
structure of the supporting membrane, which was observed
when disassembling the PVDF membrane from the test cell.

Taking into consideration the high selectivity observed for
the separation of mixtures comprising secondary and tertiary
amines, using bmimPF, immobilized in PVDF or in nylon
supporting membranes, we decided to evaluate the potential
of this process for selective amine separation. To accomplish
this study we selected different three-component mixtures
composed of isomeric primary, secondary, and tertiary amines
(M1 and M2), secondary diamine, secondary amine, and
tertiary amine (M3). and also two-component mixtures of
secondary and tertiary amines for which the difference in
boiling points is less than 6°C (M4 -MS).

Table 2 presents the percentage of recovery for each amine
after 6 h of operation. For the mixtures containing primary
and secondary isomeric amines it can be concluded that
selectivity is higher when a nylon support is used, while
between secondary and tertiary amines the opposite behavior
is observed. Also for the mixture containing the secondary
diamine 8¢ and the monoamine 9¢ a remarkable 9/8 ratio of
3:1 was achieved (Table 2, entry 6). This observation is
contrast with other results for which a general reduction of
selectivity was observed with the increasing length of the alkyl
chain of the amines.

The high preference observed for the transport of secon-
dary amines over tertiary amines may result from a prefer-
ential interaction with the RTIL bmimPF,. To evaluate this
possibility, we performed 'H NMR experiments based on
reported observations where different measurable chemical
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Table 2. Percentage of recovery for each amine, detected in side B of the cell after 6 h of operation, using

bmimPF, immobilized in PVDF and nylon membranes.

bmimPF; ring stacking aggre-
gation, in accordance with a

Entry Membrane Initial 8 9 10  Ratio Ratio suggested reported model.I’!

support mixture [%]  [%] [%] 9:8 9:10 The reason for a stronger

1 PVDF M1l hexylamine 8a 194 942 41 511 23:1 hydrogen bonding for the sec-
diisopropylamine 9a ondary amine DIIPA over

5 . -~ ;rmhylamme 10a i6 895 38 200 241 that for the tertiary amine

nylon 2 a X . . : : .
TEA, may be attributed to
9a >
10a the combination of the effect

3 PVDF M2l octylamine 8b 199 773 61 41 13:1 of the higher basicity of DII-
dlEultg,‘?mmw? . PA (pK,=2.95),"¥ over that
ethylduisopropylamine _ (8]

4 nylon M2l b 129 576 65 51 91 Olf TEA (E.Kb*3'35) , and
9b the steric hindrance of TEA
10b observed on formation of the

5 PVDF M3l tetramethylpropanediamine 8¢ 28.7  59.3 1.0 2:1 59:1 H-C(2) hydrogen bonding.
g?ethy}llhf;yla‘;“"? 9c10 The reported difference in

, imethylhexylamine 10¢ basicity!'® in aqueous solution

6 nylon M3ld - 8¢ 21.1 549 23 3:1 24:1 .
9¢ for methylmorpholine (pK, =
10c 6.59) and morpholine (pK,=

7 PVDF M4lbel diisopropylamine 9a 95.2 1.6 60:1 5.64) is in line with the ob-
triethylamine 10a s

g PVDF Mdle  9q 09 17 55:1 serve.d .transport .selecj[wltles.
10a A similar relationship be-

9 nylon M4Pel 9a 925 28 33:1 tween the selectivity and ba-
10a sicity for the primary and the

10 PVDF M504 N-methylbutylamine 9d 65.4 4.0 16.4 secondary amines appears to
triethylamine 10a

1 nylon M5b1  9g 04 64 131 occ.ur, as observed for hexyl-
10a amine (pK,=10.65 for octyl-

12 PVDF Mé6bel  N-dibutylamine 9b 86.0 121 7:1 amine and pK,=10.63 for
tripropylamine 10d pentylamine)!'! and DIIPA.

13 nylon Meltel - 9b 828 153 51 The reduced selectivity ob-
10d X

14 PVDF M70el N-methylbutylamine 9d 773  10.0 8:1 served on amine recovery
dimethylbutylamine 10e when using more polar envi-

15 nylon M7 9d 798 67 12:1 ronments—as occurs when
10e . the anion BF,~ or the support-

16 PVDF M8 diisopropylethylenodiamine 9e 62.1 7.8 8:1 . b PES and
methyldioctylamine 10 f Ing membranes . and ny-

17 nylon MS8bH  9e 587 152 4:1 lon were employed instead of

10f

[a] Initial three-component mixtures in a 1:1:1 volume ratio. [b] Initial two-component mixtures in a 9/10 volume
ratio of 2:1. [c] Initial two-component mixtures in a 9/10 volume ratio of 1:1. [d] Boiling point diference of 6°C.
[e] Boiling point diference of 4°C. [f] Boiling point diference of 2°C. [g] Boiling point diference of 3°C.

[h] Boiling point diference of 5°C.

shifts drifts were described, owing to interaction of the
imidazolium ring with the electron-donating group. These
interactions are mainly attributed to hydrogen bonding and
ring stacking.[3]

Triethylamine (10a; TEA) and diisopropylamine (9a;
DIIPA) were successively added to bmimPF, in [Dg]acetone.
Figure 6 shows the observed drift of the chemical shifts (Ad/
ppm), for the protons H-C(2), H-C(4), CH;-N(4), and CH,-
N(1), on the addition of TEA and DIIPA. Similar profiles
were observed by using bmimPF,. In all cases DIIPA
promotes a higher drift on the chemical shifts than TEA.
This may result from a stronger affinity of the secondary
amine DIIPA with bmimPF;. We speculate that this affinity
arises from a stronger amine/H-C(2) bonding, which induces
the observed changes at the H-C(2) proton through hydrogen
bonding and at the other protons by disruption of the initial

Chem. Eur. J. 2002, 8, No. 17

PF¢~ or bmimPF, respective-
ly—may result from an in-
creasing contribution of ran-
dom nonspecific interactions
with other polar groups to the
transport mechanism.

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Conclusion

This study demonstrates the feasibility of using RTILs as a
new kind of solvent in supported liquid membranes for
selective transport of organic molecules. Systematic experi-
ments were performed with different mixtures of compounds
with representative organic functional groups. From these
experiments we concluded that the appropriate combination
of selected RTILs and supporting membranes is crucial for
achieving good selectivity in a given separation problem. The
emergence of a considerable number of new RTILs,"” and the
high variety of commercial supporting membranes will enable
the design of RTIL/supporting membrane systems that allow
one to obtain the desired selectivity for a specific substrate
mixture. The high selectivities obtained in this work for the
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Figure 6. 'H NMR chemical shifts (Ad/ppm) for bmimPF in [Dg]acetone
as a function of added TEA and DIIPA (equiv): a) H-C(2) and H-C(4)
protons; b) CH;-N(4) and -CH,-N(1) protons.

separation of mixtures of secondary and tertiary amines with
very similar boiling points demonstrates the potential for the
use of this methodology for continuous separation of com-
pounds from complex mixtures—namely the separations
difficult to achieve by using traditional distillation methods.
To the best of our knowledge there are no other supported
liquid membranes capable of separating these organic com-
pounds. Evaporative techniques may be used for the recovery
of amines, although methods based on relative volatility of
these compounds will not render a high selectivity.

Experimental Section

General remarks: All glassware was oven-dried and cooled in a desiccator
(P,Os5 desiccant) prior to use. Commercial reagents were used as supplied,
except for triethylamine, which was distilled from calcium hydride and
stored under an argon atmosphere and protected from light. The room-
temperature ionic liquids (RTILs) 1-n-butyl-3-methylimidazolium hexa-
fluorphosphate (bmimPFy), 1-n-butyl-3-methylimidazolium tetrafluorborate
(bmimBF,), 1-n-octyl-3-methylimidazolium hexafluorphosphate (C8imPFy),
1-n-decyl-3-methylimidazolium hexafluorphosphate (C10imPF,) were pre-
pared according to literature methods.?> 'l In these studies we used the
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hydrophilic supporting membranes polyvinylidene fluoride (PVDF) (Gel-
man Sciences, FP Vericel, pore size 0.45 um), polyethersulfone (PES)
(Gelman Sciences, Metricel Black, pore size 0.45um), polypropylene
(HPP) (Gelman Sciences, GH Polipro, pore size 0.45 um), and nylon
(Gelman Sciences, Nylaflo, pore size 0.45 um), and the nonhydrophilic
polypropylene (NHPP) (Gelman Sciences, Metricel, pore size 0.1 pm).

'"H NMR spectra were recorded on a Bruker AMX 400 spectrometer.
Chemical shifts are reported downfield in parts per million (ppm) from a
tetramethylsilane reference. Gas liquid chromatography (GLC) was
carried out in a Varian Star 3100 Cx gas chromatograph, using He as
carrier gas and a capillary column Supelco C315602 SW-10.

General procedure for the bulk ionic liquid membrane experiments: The
U-tube (i.d. =3.5 mm) indicated in Figure 1 was used at room temperature.
The ionic liquid bmimPFg (0.5 mL) was added to the U-tube in vertical
position. The organic compounds (200 pL): 1,4-dioxane (1; 2.58 mmol),
propan-1-ol (2; 2.66 mmol), butan-1-ol (3; 3.64 mmol), cyclohexanol (4;
1.89 mmol), cyclohexanone (5; 0.92 mmol), morpholine (6; 3.82 mmol),
methylmorpholine (7; 3.03 mmol), and n-dodecane (450 pL, 1.98 mmol) as
the internal standard, diluted in diethyl ether (3 mL), were added to side A
of the U-tube. n-Dodecane (450 pL, 1.98 mmol), diluted in diethyl ether
(3 mL), was added to side B of the U-tube. The transport of each compound
was monitored by GLC by taking samples from side A and side B of the
U-tube at defined time intervals (15, 30, 60, 120, 240 and 360 min), followed
by injection into the gas chromatographer (carrier gas flow: 0.9 mL min—';
T(oven) =60-120 °C, 10°Cmin~!; T(injector)=250°C; T(detector)=
250°C). The percentage of recovery of each compound was determined
by comparison of the area of each of the substrate peaks 1-7 (g1 =0.52,
1r2=0.98, 13 =1.10, tz4 =106.11, 1z5=3.82, 136 =2.90, tzx7 =1.94 min) with
that of n-dodecane (tzx =5.42 min), and referenced to the initial concen-
trations determined in side A.

General procedure for the supported ionic liquid membrane experiments:
The teflon cell indicated in Figure 4 was used throughout these studies. The
RTIL was immobilized in the porous structure of the supporting membrane
by filtration in vacuo and placed in a metallic net (i.d. 3.29 cm) located
between side A (V=30mL) and B (V=30 mL) of the cell. The organic
compounds (300 uL): 14-dioxane (1; 3.87 mmol), propan-1-ol (2;
3.99 mmol), butan-1-ol (3; 3.28 mmol), cyclohexanol (4; 2.84 mmol),
cyclohexanone (5; 1.38 mmol), morpholine (6; 3.44 mmol), methylmorpho-
line (7; 2.73 mmol), and n-dodecane (0.5mL, 2.20 mmol or 1.0 mL,
4.40 mmol) as the internal standard, in diethyl ether (30 mL), were added
to side A of the cell. n-Dodecane (0.5 or 1.0 mL, 2.20 or 4.40 mmol) in
diethyl ether (30 mL) was added to side B of the cell. The transport of each
compound 1-7 was monitored as described above.

The following quantities were used for the experiments with mixtures of
three or two amines (Table 2), dissolved in diethyl ether (30 mL) and
containing n-decane (400 pL, 2.05 mmol): 3.6 mmol of each amine for
entries 1-6 and 8 in Table 2; 3.6 mmol of tertiary amines 10 and 7.2 mmol
of secondary amines 9 for entries 7 and 9--16 in Table 2. n-Decane (400 pL)
in diethyl ether (30 mL) was added to side B of the cell. The transport of
each amine was monitored as described above by using the following GLC
conditions: mixture M1, T(oven)=80-140°C, 10°Cmin'; T(injector) =
250°C; T(detector) =250°C, tz8a=23.76, tz9a=2.38, tz10a=1.45, n-dec-
ane (tg=0.82min); mixtures M3 and MS8, T(oven)=80-160°C,
10°Cmin~!; T(injector) =250°C; T(detector)=250°C; M3 #:8¢=2.03,
tg9¢=245, 10¢=1.10, n-decane (tz=0.40min); M8 z9e=2.96,
110 £=3.65, n-decane (fz =0.39 min); mixtures M2, M4-M7, T(oven) =
80-150°C, 10°Cmin~'; T(injector) =250°C; T(detector)=250°C; M2
r8b=2.29, 1;9b=0.83, 1;10b=143, n-decane (fz=0.46 min); M4
tR9a=222, 1;10a=0.65, n-decane (txz=0.47 min); M5 9d=2.71,
tz10a=0.65, n-decane (tzx =0.46); M6 t;9b =0.86, t;10d =2.98, n-decane
(tg =0.46 min); M7 t;9d =2.71, tz10e =0.92, n-decane (tz =0.45 min).

Acknowledgements

This work was supported by the European Union (Project QLK3-1999-
01213) and the Fundagdo para a Ciéncia e Tecnologia (Project PRAXIS/C/
QUI/10069/98). We also acknowledge Raquel Fortunato for the technical
support provided and helpful discussions.

0947-6539/02/0817-3870 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 17



Ionic Liquids as Supported Liquid Membranes

3865-3871

(1]

Chem. Eur. J. 2002, 8, No. 17

Reviews: a) K. R. Seddon, Kinetics Catal. 1996, 37, 693-697; b) T.
Welton, Chem. Rev. 1999, 99, 2071 -2084; c) M. Freemantle, Chem.
Eng. News 2001, (1),21-25;d) J. Dupont, C. S. Consorti, J. Spencer, J.
Braz. Chem. Soc. 2000, 11, 337-344; ¢) P. Wasserscheid, K. Wilhelm,
Angew. Chem. 2000, 112, 3926 —3945; Angew. Chem. Int. Ed. 2000, 39,
3772-3789; f)R. Sheldon, Chem. Commun. 2001, 2399-2407;
g) C. M. Gordon, Appl. Catalysis A: General 2001, 222, 101 -107.

a) J. D. Holbrey, K. R. Seddon, J. Chem. Soc. Dalton Trans. 1999, 13,
2133-2139;b) A. S. Larsen, J. D. Holdbrey, F. S. Tham, C. A. Reed, J.
Am. Chem. Soc. 2000, 122, 7264-7272; c)J. G. Huddleston, A.E.
Visser, W. M. Reichert, H. D. Willauer, G. A. Broker, R. D. Rogers,
Green Chem. 2001, 3, 156-164; d) J. Pernak, A. Czepukowicz, R.
Poz'niak, Ind. Eng. Chem. Res. 2001, 40, 2379 -2383.

L. A. Blanchard, D. Hancu, E. J.Beckman, J. F. Brennecke, Nature
1999, 399, 28 -29.

For some recent examples see: a) L. Green, I. Hemeon, R. D. Singer,
Tetrahedron Lett. 2000, 41, 1343-1346; b) J. L. Scott, D. R. MacFar-
lane, C. L. Raston, C. M. Teoh, Green Chem. 2000, 2, 123-126;c¢) J. F.
Dubreuil, J. P. Bazureau, Tetrahedron Lett. 2000, 41, 7351-7355;
d) V. L. Boulaire, R. Grée, Chem. Commun. 2000, 2195-2196; ¢) V.
Calo, A. Nacci, L. Lopez, V. L. Lerario, Tetrahedron Lett. 2000, 41,
8977 -8980; ¢) M. Smietana, C. Mioskowski, Org. Lett. 2001, 3, 1037 —
1039; f) C. Chiappe, D. Capraro, V. Conte, D. Pieraccini, Org. Lett.
2001, 3, 1061-1063; g) T. Litazume, K. Kasai, Green Chem. 2001, 3,
30-32; h)R.X. Ren, J.X. Wu, Org. Let. 2001, 3, 3727-3728;
i) R. D.Singer, P. J. Scammells, Tetrahedron Lett. 2001, 42, 6831 —6833.
For some recent examples see: a) C.J. Adams, M. J. Earle, K. R.
Seddon, Green Chem. 2000, 2, 21-23;b) C. E. Song, E. J. Roh, Chem.
Commun. 2000, 837-838; c¢) G. S. Owens, M. M. Abu-Omar, Chem.
Commun. 2000, 1165 -1166; d) J. Howarth, Tetrahedron Lett. 2000, 41,
6627-6629; ¢) A.J. Carmichael, D. M. Haddleton, S. A. F. Bon, K. R.
Seddon, Chem. Commun. 2000, 1237-1238; f) F. Zulfiqar, T. Kita-
zume, Green Chem. 2000, 2, 137-139; g) F. Zulfiqar, T. Kitazume,
Green Chem. 2000, 2, 296—297; h) C.J. Mathews, P.J. Smith, T.
Welton, Chem. Commun. 2000, 1249—-1250; i) C. E. Song, C. R. Oh,
E.J. Roh, D.J. Choo, Chem. Commun. 2000, 1743-1744; j)J.
Howarth, A. Dallas, Molecules 2000, 5, 851-855; k)J. Dupont,
P. A.Z. Suarez, A. P. Umpierre, R. F. de Souza, J. Braz. Chem. Soc.
2000, 71, 293-297; 1) J. Howarth, P. James, J. Dai, Tetrahedron Lett.
2000, 41, 10319-10321; m) S. T. Handy, X. Zhang, Organic Lett. 2001,
3,233-236; n) J. Peng, Y. Deng, Tetrahedron Lett. 2001, 42, 403 —405;
0) P. Wasserscheid, H. Waffenschmidt, P. Machnitzki, k. W. Kottsiep-
er, O. Stelzer, Chem. Commun. 2001,451-452; p) J. N. Rosa, C. A. M.
Afonso, A.G. Santos, Tetrahedron 2001, 57, 4189-4193; q)L.C.
Branco, C. A. M. Afonso, Tetrahedron 2001, 57 4405-4410; r) V.
Calo, A. Nacci, L. Lopez, A. Napola, Tetrahedron Lett. 2001, 42,
4701-4703; s) J. Peng, Y. Deng, Tetrahedron Lett. 2001, 42, 5917 -
5919; t) H. Hagiwara, Y. Shimizu, T. Hoshi, T. Suzuki, M. Ando, K.
Ohkubo, C. Yokoyama, Tetrahedron Lett. 2001, 42, 4349-4351;
u) D. W. Morrison, D. C. Forbes, J. H. Davis, Tetrahedron Lett. 2001,
42, 6053-6055; v) P. Dyson, D. Ellis, T. Welton, Can. J. Chem. 2001,

(6]

(7]

(8]
]

[10]

(1]

(12]
(13]

(14]

(15]

[16]

(17]

(18]

(19]

79, 705-708; x) R. C. Buijsman, E. van Vuuren, J. G. Sterrenburg,
Org. Lert. 2001, 3, 3785-3787; y)J. M. Fraile, J.I. Garcia, C. L
Herrefas, J. A. Mayoral, D. Carrié, M. Vaultier, Tetrahedron: Asymm.
2001, 72, 1891-1894; z) A. Berger, R. F. de Souza, M. R. Delgado, J.
Dupont, Tetrahedron: Asymmetry 2001, 12, 1825 -1828.

a) R.M. Lau, F. van Rantwijk, K. R. Seddon, R. A. Sheldon, Org.
Lett. 2000, 2, 4189-4191; b) S. H. Schofer, N. Kaftzik, P. Wassercheid,
U. Kragl, Chem. Commun. 2001, 425-426; c) K.-W. Kim, B. Song, M.-
Y. Choi, M.-J. Kim, Org. Lett. 2001, 3, 1507 —1509.

a) R. A. Brown, P. Pollet, E. McKoon, C. A. Eckert, C. L. Liotta, P. G.
Jessop, J. Am. Chem. Soc. 2001, 123, 1254—1255; b) M. F. Sellin, P. B.
Webb, D. J. Cole-Hamilton, Chem. Commun. 2001, 781 —782.

D. W. Armstrong, L. He, Y.-S. Liu, Anal. Chem. 1999, 71, 3873 -3876.
a) A. G. Fadeev, M. M. Meagher, Chem. Commun. 2001, 295-296;
b) T. Schifer, C. M. Rodrigues, C. A. M. Afonso, J. G. Crespo, Chem.
Commun. 2001, 1622 -1623.

a) J. G. Huddleston, H. D. Willauer, R. p. Swatloski, A.E. Visser,
R. D. Rogers, Chem. Commun. 1998, 1765-1766; b) S. G. Cull, J. D.
Holbrey, V. Vargas-Mora, K. R. Seddon, G. J. Lye, Biotechnol. Bioeng.
2000, 69, 227-233; c) A. E. Visser, R. P. Swatloski, W. M. Reichert,
S. T. Griffin, R. D. Rogers, Ind. Eng. Chem. Res. 2000, 39, 3596 —-3604;
d) A. E. Visser, R. P. Swatloski, W. M. Reichert, R. Mayton, S. Sheff,
A. Wierzbicki, J. H. Davies, R. D. Rogers, Chem. Commun. 2001,
135-136.

a) L. A. Blanchard, J. F. Brennecke, Ind. Eng. Chem. Res. 2001, 40,
287-292; b) FE. Liu, M. B. Abrams, R. T. Baker, W. Tumas, Chem.
Commun. 2001, 433 -434.

S.N. V, K. Aki, J. FE. Brennecke, A. Samanta, Chem. Commun. 2001,
413-414.

P. Bonhote, A.-P. Dias, N. Papageorgiou, K. Kalyanasundaram, M.
Gritzel, Inorg. Chem. 1996, 35, 1168-1178.

a) J. J. Pellegrino, R. D. Noble, Trends in Biotechnol. 1990, 8, 216 —225.
b) J. T. F. Keurentjes, L. J. W. M. Nabuurs, E. A. Vegter, J. Memb. Sci.
1996, 113, 351 -360.

A. M. Neplenbroek, D. Bargeman, C. A. Smolders, J. Memb. Sci 1992,
67, 149-165.

I. M. Coelhoso, M. M. Cardoso, R. M. C. Viegas, J. P.S. G. Crespo,
Separation Purification Technol. 2000, 19, 183-197.

a) I. Klement, H. Liitjens, P. Knochel, Angew. Chem. 1997, 109, 1605 —
1607; Angew. Chem. Int. Ed. Engl. 1997, 36, 1454—1456 and references
therein. b) E. de Wolf, G. van Koten, B.-J. Deelman, Chem. Soc. Rev.
1999, 28, 37-41.

Handbook of Biochemistry and Molecular Biology: Ionization Con-
stants of Acids and Bases, W. P. Jencks, J. Regenstein, (Eds. G. D.
Fasman), Science and Behavior Books, 1976, pp. 322 - 325.

a) T. Kitazume, F. Zulfiqar, G. Tanaka, Green Chemistry, 2000, 2, 133 —
136;b) A. E. Visser, R. P. Swatloski, R. D. Rogers, Green Chem. 2000,
2,1-4;c) P. A. Z. Suarez, J. E. L. Dullius, S. Einloft, R. F. de Souza, J.
Dupont, Polyhedron 1996, 15, 1217-1219.

Received: January 25, 2002 [F3820]

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

0947-6539/02/0817-3871 $ 20.00+.50/0 3871



