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Abstract In this paper, partitioning behaviors of typical

neutral (Alanine), acidic (Glutamic acid) and basic

(Lysine) amino acids into imidazolium-based ionic liquids

[C4mim][PF6], [C6mim][PF6], [C8mim][PF6], [C6mim]

[BF4] and [C8mim][BF4] as extracting solvents were

examined. [C6mim][BF4] showed the best efficiency for

partitioning of amino acids. The partition coefficients of

amino acids in ionic liquids were found to depend strongly

on pH of the aqueous solution, amino acid and ionic liquid

chemical structures. Different chemical forms of amino

acids in aqueous solutions were pH dependent, so the pH

value of the aqueous phase was a determining factor for

extraction of amino acids into ionic liquid phase. Both

water content of ionic liquids and charge densities of their

anionic and cationic parts were important factors for

partitioning of cationic and anionic forms of amino acids

into ionic liquid phase. Extracted amino acids were back

extracted into phosphate buffer solutions adjusted on

appropriate pH values. The results showed that ionic liq-

uids could be used as suitable modifiers on the stationary

phase of an HPLC column for efficient separation of acidic,

basic, and neutral amino acids.
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Introduction

Amino acids are the building blocks of proteins, as indis-

pensable agents of biological function, which can be

obtained by biosynthesis or from protein hydrolysis.

Amino acids are amphoteric compounds that can be clas-

sified into the following categories: (1) neutral (uncharged)

amino acids, (2) acidic amino acids (which have a net

negative charge at neutral pH), and (3) basic amino acids

(which have a net positive charge at neutral pH). All amino

acids have more than one ionizable group that can exist in

cationic, anionic, and zwitterionic forms depending on the

pH of the aqueous solution (Garrett and Grisham 1999).

The study of the pH-dependent partitioning of amino acids

is of interest not only for a better understanding of a variety

of metabolic processes in biological membranes but also

for devising efficient separation and extraction processes

(Wang et al. 2005; Ku et al. 2007; Smirnova et al. 2004).

During the last century, amino acids partitioning into var-

ious phases including reverse micelles and organic solvents

have been studied (Nozaki and Tanford 1971; Leodidis and

Alan Hatton 1990; Leodidis et al. 1991; Gude et al. 1996;

Xun et al. 2001), but little studies on the amino acid par-

titioning into ionic liquid (IL) phases have been reported

(Wang et al. 2005; Smirnova et al. 2004).

Room temperature ionic liquids (RTIL’s) or IL’s have

been composed of an organic cation and either an

organic or an inorganic anion. Because of stabilities

against air and water, negligible vapor pressures, wide

liquid temperature ranges, chemical and thermal stabili-

ties, nonflammability, high-ionic conductivities, wide

electrochemical potential window (Welton 1999), and as

well as multiple solvation interactions (Anderson et al.

2002); IL’s are emerging as alternative green solvents.

Therefore, RTIL’s are regarded to be used as solvent in
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chemical reactions (Sharifi et al. 2008; Shaabani et al.

2007; Mallakpour and Kowsari 2006; Iranpoor et al.

2006), organometallic chemistry (Sievers et al. 2006;

Iranpoor et al. 2008), batteries and fuel cells investiga-

tions (Sekhon et al. 2006).

In recent years, IL’s have also aroused increasing

applications in liquid–liquid extractions of inorganic and

organic species (Berthod et al. 2005; Absalan et al.

2008). IL’s can be hydrophilic and hydrophobic

depending on the chemical structures of cations and

anions (Suarez et al. 1998; Holbrey and Seddon 1999)

but it seems that the anionic part of an ionic liquid is

more important for determining its water miscibility

(Huddleston et al. 2001). Those IL’s based on bis [(tri-

fluoromethyl)sulfonyl] amide ([Tf2N]-), hexafluorophos-

phate ([PF6]-), and tetrafluoroborate ([BF4]-) are

normally water immiscible, therefore, they are selected as

solvents for forming biphasic systems in most IL

extraction applications(Absalan et al. 2008; Soto et al.

2005). While this property is largely conveyed by the

hydrophobicity of the anion, length of the alkyl chain or

the temperature of the system are also effective para-

meters for governing water miscibility of the RTIL’s

(Suarez et al. 1998; Holbrey and Seddon 1999).

In this study some imidazolium-based IL’s:

[C4mim][PF6], [C6mim][PF6], [C8mim][PF6], [C6mim]

[BF4] and [C8mim][BF4] have been used to study parti-

tioning behaviors of neutral (Alanine), acidic (Glutamic

acid) and basic (Lysine) amino acids (Harris 2003) into

ionic liquid phase as to the best of our knowledge this

investigation has not been studied so far.

Materials and methods

Instruments

UV absorption spectra were recorded against the solvent

blank at room temperature, using Ultrospec 4000 spectro-

photometer (Pharmacia Biotech) operated in double-beam

mode. The pH measurements were made with a Metrohm

780 pH meter using a combined glass electrode. NMR

spectra were recorded on a Brucker-Advanced DPX/250

(1H NMR 250 MHZ and 13C NMR 62.9 MHZ)

spectrophotometer.

Reagents

1-Bromobutane, 1-bromohexane, 1-bromooctane, 1-methy-

limidazolium, ammonium hexafluorophosphate, sodium

tetrafluoroborate, Alanine, Glutamic acid, Lysine dihydrate,

ninhydrin, hydrindantin dihydrate, and other reagents used

in this study were of the highest purity available from either

Merck or Fluka Chemical Companies and were used

without further purification. Ionic liquids (Table 1)

[C4mim][PF6], [C6mim][PF6], [C8mim][PF6], [C6mim]

[BF4] and [C8mim][BF4] were synthesized as described by

Bonhote et al. (1996) and their chemical structures were

testified by using NMR spectroscopy. Distilled deionized

water was used throughout this work.

Software

In this study, molar volumes (cm3/mol) of cationic and

anionic part of IL’s were calculated by using Gaussian03

program after optimization of their geometries at density

functional level using B3LYP method and 6-311 ??G**

basis set and then charge density (e/Å3), charge ratio to

molecular volume, of each cationic or anionic part was

calculated.

Procedure

Aqueous solutions containing 1.0 9 10-3 M of amino

acids (0.5 ml) were brought into contact with 50 ll of IL

at room temperature for extraction purpose. Back

extractions were performed into phosphate buffer solu-

tions (0.5 ml) at appropriate pH values. In both extrac-

tion and back extraction processes, the ionic strengths of

aqueous solutions were kept constant using 0.1 M KCl

for all pH values. The phase-contacting experiments were

carried out in a carefully stoppered glass test tube at

room temperature. The system was vigorously stirred

with magnetic stirrer for 30 min and then two phases

were carefully separated using a centrifuge device. The

Table 1 Chemical structures of cationic constituents of the studied

ionic liquids

Cations Abbreviation

1-Butyl-3-methylimidazolium

[C4mim]?

1-Hexyl-3-methylimidazolium

[C6mim]?

1-Octyl-3-methylimidazolium

[C8mim]?
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partition coefficients of amino acids between the IL

phase and aqueous solution were calculated as: PIL/W =

(Ci - Cf) Vaq/CfVIL where Ci and Cf refer to the initial

and final concentrations of each amino acid in aqueous

phase; Vaq and VIL refer to the aqueous and IL phase

volumes, respectively. Partition coefficients of amino

acids in IL’s were measured in duplicate by ninhydrine

method (Sun et al. 2006).

Results and discussion

Effect of amino acid chemical structure and pH

Partitioning of amino acids into IL phase for various

forms of amino acids depends on pH of the aqueous

solution. Amino acids in the pH’s less than pKa (Table 2)

of their carboxylic acid groups are in the cationic or

dicationic forms; with the pH increasing, carboxylic acid

and ammonium groups start to be dissociated in order,

depending on acidic-basic property of amino acids. So

various forms of an amino acid exist in aqueous solution

and therefore different interactions are expected that must

be considered when the partitioning of amino acid

between IL’s and aqueous solution is studied.

As it is seen in Table 3, partition coefficient of Alanine

(Ala) is high in the pH’s less than pKa (=2.348) of its

carboxylic acid group. In these pH values, cationic form of

Ala is dominant because of its protonated amine group.

Electrostatic interaction of cationic form of Ala with the

anionic part of IL’s is the driving force for higher parti-

tioning of Ala into IL phase at these pH values (Wang et al.

2005). With the pH increasing, carboxylic acid group starts

dissociation, zwitterionic form is generated, and Ala par-

titioning is decreased because of diminishing of electro-

static interactions of Ala and IL’s due to the development

of a net charge of zero on the amino acid molecule.

Moreover, carboxylic acid group dissociation causes to

increase hydrophilic property of Ala leading to its lower

partition coefficient. This decrease in partition coefficient

of Ala is continued up to its isoelectric pH value, i.e. 6.100,

after that the partition coefficient is increased again. After

the isoelectric point, pH increasing causes dissociation of

ammonium group and consequently generation of the

anionic form of Ala that finally predominate in the pH’s

more than pKa (=9.867) of ammonium group. Since the

anionic form of Ala has a higher hydrophobicity than its

zwitterionic form and also due to its electrostatic interac-

tion with the cationic part of IL’s, a higher partitioning of

Ala into IL phase is expected. It is noticeable that elec-

trostatic interaction of cationic form of Ala with anionic

part of IL’s seems to be stronger than electrostatic inter-

action of anionic form of Ala with cationic part of IL’s. To

prove this, charge densities of both cationic and anionic

parts of all studied IL’s were calculated (Table 6). It is

apparent in Table 6 that charge density of the anionic part

Table 2 Chemical structures of the amino acids and their dissociation constants at 25�C

Amino acid Chemical structure Carboxylic acid (pKa) Ammonium (pKa) Substituent (pKa) pI

Alanine 2.348 9.867 – 6.100

Glutamic acid 2.230 9.950 4.420 3.320

Lysine 2.040 9.080 10.690 9.880

pI, the pH of isoelectric point
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of an IL is higher than the charge density of its cationic

part. Therefore, it can effectively provide a stronger elec-

trostatic interaction with cationic form of amino acid. The

results are more partitioning of amino acid in acidic pH

values where the cationic form of amino acid is dominated.

For example, partition coefficient of Ala in [C6mim][BF4]

at pH 1.39 is 2.830 which is higher than its partition

coefficient at pH 11.5 that is 0.700.

As it is found in Table 4, Glutamic acid (Glu), an amino

acid with a substituted acidic group, has the highest parti-

tion coefficient in pH’s less than pKa (=2.230) of its car-

boxylic acid group. In these pH values, dominant form of

Glu is its cationic form, with two undissociated carboxylic

acid groups, so that its electrostatic interaction with anionic

constituent of IL is driving force for extraction of Glu into

ionic liquid phase. With pH increasing, carboxylic acid

group starts dissociation, zwitterionic form is generated and

partitioning of Glu is decreased. The result is due to for-

mation of less hydrophobic species of Glu with a net charge

of zero that consequently have low tendency toward

extraction into IL phase. With more pH increasing, substi-

tuted carboxylic acid group of Glu (with pKa = 4.420)

begins to be dissociated, another anionic group is generated,

hydrophobicity is decreased and partitioning of Glu is more

diminished. At pH values higher than 5.36, ammonium

group dissociation causes generation of a dianionic form of

Glu with a more lypophilic tendency. This consequently is a

driving force for more partitioning of the amino acid at pH

values more than 5.36. It is remarkable that chemical

interaction of cationic form of Glu (which are dominated at

pH values less than pKa of its carboxylic acid group) with

the IL’s is the strongest and this results in a highest parti-

tioning of Glu. For example, the partition coefficient of

cationic form of Glu at pH 1.27 in [C6mim][BF4] is 2.11

which is higher than the partition coefficient of its anionic

form at pH 11.5, i.e. 0.530. Again, the charge density of the

anionic part of the ionic liquid, as discussed for Ala, could

be considered as a logical criterion for interpretation of the

observed data.

As it is shown in Table 5, Lysine (Lys) partitioning

into ionic liquid phase is the most in the pH’s less than

pKa (=2.040) of its carboxylic acid group. In these pH

values, dicationic form of Lys with undissociated car-

boxylic acid group is dominant form; therefore, the

electrostatic interaction of Lys with IL’s is expected to be

higher. By pH increasing up to the value of 4.5, decrease

in partition coefficients because of the generation of less

hydrophobic cationic form of Lys, due to its carboxylic

acid group dissociation, is observed. With the more pH

increasing, ammonium group starts to be dissociated so

that the hydrophobicity and consequently partition coef-

ficients are increased. It should be mentioned that at

Table 3 Partition coefficients of Alanine between aqueous solutions, with different pH values and diverse ionic liquid phases

Ionic liquid pH

1.39 1.50 2.50 3.50 4.50 5.50 6.10 6.50 7.50 8.50 9.50 10.50 10.82 11.50

[C6mim][BF4] 2.830 2.740 1.800 0.860 0.450 0.200 0.094 0.100 0.250 0.420 0.530 0.650 0.665 0.700

[C8mim][BF4] 2.400 2.250 1.430 0.680 0.260 0.090 0.066 0.070 0.130 0.200 0.280 0.360 0.390 0.450

[C4mim] [PF6] 0.420 0.320 0.200 0.140 0.080 0.074 0.065 0.070 0.200 0.260 0.340 0.530 0.540 0.600

[C6mim][PF6] 0.058 0.051 0.010 0.008 ND ND ND ND ND ND ND 0.008 0.009 0.010

[C8mim][PF6] 0.021 0.016 ND ND ND ND ND ND ND ND ND ND ND ND

Experimental conditions: aqueous solution, 0.5 ml of 1.0 9 10-3 M alanine solution with different pH values; IL phase volume, 50 ll;

extraction period, 30 min; KCl, 0.1 M

ND not detected

Table 4 Partition coefficients of Glutamic acid between aqueous solutions, with different pH values and diverse ionic liquid phases

Ionic liquid pH

1.27 1.50 2.50 3.32 3.50 4.50 5.36 6.50 7.50 8.50 9.50 10.50 10.90 11.50

[C6mim][BF4] 2.11 1.93 1.500 0.780 0.700 0.340 0.090 0.100 0.170 0.370 0.400 0.460 0.507 0.530

[C8mim][BF4] 1.93 1.820 1.300 0.210 0.120 0.080 0.010 0.040 0.120 0.210 0.250 0.310 0.324 0.360

[C4mim] [PF6] 0.350 0.020 0.150 0.125 0.100 0.060 0.017 0.060 0.150 0.270 0.330 0.400 0.430 0.440

[C6mim][PF6] 0.041 0.010 0.008 0.007 0.006 ND ND ND ND ND ND ND 0.005 0.008

[C8mim][PF6] 0.015 0.007 ND ND ND ND ND ND ND ND ND ND ND ND

Experimental conditions: aqueous solution, 0.5 ml of 1.0 9 10-3 M Glutamic acid solution with different pH values; IL phase volume, 50 ll;

extraction period, 30 min; KCl, 0.1 M

ND not detected
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pH = pI = 9.88, zwitterionic form of Lys with a more

hydrophobic character is dominant, the result of which is

observing higher partition coefficients (Table 5). By

increasing pH to values more than pI, hydrophobicity

property still increases due to the dissociation of the

substituted ammonium group; this leads to stronger

interactions between Lys and IL’s and consequently

higher partition coefficients are obtained (Table 5). It

could be concluded that any difference in partitioning

behavior of amino acids into IL phase can definitely be

related to their different substituted chains rather than

definitive skeleton groups common to all amino acids

(Leodidis and Alan Hatton 1990). Both carboxylate and

ammonium groups provide more hydrophilic character for

amino acids in contrast to their conjugated forms, i.e.

carboxylic acid and amine groups, respectively (Gulyaeva

et al. 2003), that must be considered as additional factors

for discussing the obtained results. The presence of these

chemical forms of amino acids in aqueous solutions are

pH dependent so the pH value of the aqueous phase

determines the quantity of the extraction of amino acids

into IL phase.

Effect of chemical structure of the ionic liquids

The behaviors of IL’s for extraction of amino acids are

dependent on both the chemical forms of amino acids and

the chemical structures of IL’s (Tables 3, 4, 5). It is also

anticipated that solubility of water in IL’s and charge

densities of cationic and anionic parts of IL’s in interaction

with different forms of amino acids could show significant

effects on the amino acids partitioning into IL phase. In the

pH values that amino acids are in their cationic or dicat-

ionic forms, partition coefficients directly depend on the

miscibility of water in IL’s (i.e. the water content of IL).

Literature survey (Freire et al. 2007) shows that water

contents of IL’s decrease in the order of [C6mim]

[BF4] [ [C8mim][BF4] [ [C4mim][PF6] [ [C6mim][PF6]

[ [C8mim][PF6]. It has been reported (Cammarata et al.

2001) that in imidazolium-based IL’s, water molecules (in

the concentration range of 0.2–1.0 mole of water per liter

of IL) are mostly in the free (not self-associated) state,

bounded via H-bond to PF6
-, BF4

-. The water content and

the strength of hydrogen bonding between water molecules

and BF4
- in BF4

--based IL’s has been shown to be more

than PF6
--based IL’s. Therefore, presence of water par-

tially disrupts the ion-pair association between cationic and

anionic constituents of the IL’s. This increases the number

of free ions of constitution in the IL phase. This situation

would consequently increase the electrostatic interactions

between the cationic forms of the amino acids and the

anion of the IL’s.

In addition to water content, charge densities and

effective negative charges of anionic part of IL’s for

interpreting their electrostatic interactions with cationic

form of an amino acid, are important factors to be con-

sidered. Calculated charge density of BF4
- is higher than

PF6
- anion (Table 6). Quantum chemical calculations also

indicated that the effective negative charge (Tsunekawa

et al. 2003) in BF4
- is much more than that in PF6

-.

Therefore, stronger electrostatic interaction between the

cationic forms of an amino acid and BF4
-, and conse-

quently a higher extraction into BF4
--based IL’s, is

expected. It is concluded that water contents of IL’s and

charge densities of their anionic parts make cationic and

dicationic forms of amino acids to partition into IL phase in

the same manner.

Table 5 Partition coefficients of Lysine between aqueous solutions, with different pH values and diverse ionic liquid phases

Ionic liquid pH

1.08 1.50 2.50 3.00 3.50 4.50 5.50 6.50 7.50 8.50 9.88 10.50 11.50 11.65

[C6mim][BF4] 2.704 2.600 1.300 0.067 0.070 0.200 0.320 0.370 0.400 0.400 0.460 0.500 0.610 0.622

[C8mim][BF4] 2.215 2.190 0.970 0.005 0.007 0.025 0.040 0.050 0.054 0.065 0.073 0.250 0.350 0.361

[C4mim] [PF6] 0.370 0.250 0.100 ND ND ND 0.010 0.010 0.030 0.047 0.067 0.340 0.570 0.580

[C6mim][PF6] 0.048 0.020 0.008 ND ND ND ND ND ND ND ND 0.007 0.010 0.015

[C8mim][PF6] 0.017 0.010 ND ND ND ND ND ND ND ND ND ND ND ND

Experimental conditions: aqueous solution, 0.5 ml of 1.0 9 10-3 M Lysine solution with different pH values; IL phase volume, 50 ll; extraction

period, 30 min; KCl, 0.1 M

ND not detected

Table 6 Calculated charge density of ionic parts of studied ionic

liquids

Ionic part of ionic liquids Charge density

(e/Å3)

1-Butyl-3-methylimidazolium 0.00541

1-Hexyl-3-methylimidazolium 0.00372

1-Octyl-3-methylimidazolium 0.00306

PF6
- 0.00941

BF4
- 0.01471
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In the pH ranges that amino acids are in their anionic or

dianionic forms, water content and charge density of cat-

ionic form of IL’s are driving forces for partitioning of

amino acids into IL phase. As it is shown in Tables 3, 4, 5,

the order of IL’s for partitioning of anionic or dianionic

forms of amino acids is [C6mim][BF4] [ [C4mim]

[PF6] [ [C8mim][BF4] [ [C6mim][PF6] [ [C8mim][PF6];

which is not consistent with the order of charge densities of

cationic parts of IL’s and the order of their water contents.

Order of IL’s, based on charge density of their cationic

part is [C4mim][PF6] [ [C6mim][PF6] = [C6mim][BF4] [
[C8mim][PF6] = [C8mim][BF4] and the order of IL’s

based on their water contents was already mentioned in the

previous paragraph. Thus, in some cases, parameter of

charge density of cationic part of IL’s governs the order of

partition coefficients of anionic forms of amino acids, and

in the other cases, the inverse is true. This observation can

be verified where [C6mim][BF4] with a lower charge

density of its cationic part but a higher water content than

[C4mim][PF6] has shown a higher partitioning for anionic

forms of amino acids; and [C4mim][PF6] with a higher

charge density of its cationic part but a lower water content

than [C8mim][BF4] has shown a higher partitioning for

anionic forms of amino acids. In addition, despite of

lower cationic charge density of [C8mim][BF4] than

[C6mim][PF6], partition coefficients of anionic forms of

amino acids are higher into the former which is in agree-

ment with the more water content of [C8mim][BF4].

Finally, Partitioning of anionic forms of amino acids into

[C8mim][PF6] phase is the least because of its least water

content and its lower cationic charge density which shows

that the effects of its water content and its cationic charge

density on the partitioning of anionic forms of amino acids

is almost the same.

Partitioning of zwitterionic forms of amino acids into

ionic liquid phase is almost in order of [C6mim]

[BF4] [ [C8mim][BF4] C [C4mim][PF6] [ [C6mim][PF6]

[ [C8mim][PF6]. Water content of an IL is a parameter

that could be considered for explanation of the above

observation.

Extraction mechanism of amino acids into IL phase

An ion-exchange mechanism was proposed for extraction

of amino acids into the IL phase. The following equilibria

show the schemes of this type of exchanges:

Scheme 1 : RNH3½ �
þ

ðaqÞ þ C6mim½ �þ BF4½ ��� C6mim½ �þðaqÞ

þ RNH3½ �þ BF4½ ��

Scheme 2 : RCO2½ ��ðaqÞ þ C6mim½ �þ BF4½ ��� BF4½ ��ðaqÞ

þ C6mim½ �þ RCO2½ ��

where [RNH3](aq)
? and [RCO2](aq)

- refer to the cationic and

anionic forms of an amino acid in aqueous solution,

respectively. [RNH3]?[BF4]- and [C6mim]?[RCO2]- refer

to the extracted amino acids into the ionic liquid phase in

cationic and anionic forms, in order. To prove the validity

of the proposed mechanism, some experimental works

were performed for extraction of amino acids into

[C6mim][BF4] at pH values that cationic or anionic forms

of the tested amino acids were the dominant species while

the ionic strength was kept constant.

In the case of cationic forms of the amino acids, the

partition coefficients were decreasing when increasing

amounts of [C6mim]?Br- were added to the aqueous

sample solutions which proves that the equilibrium shown

in Scheme 1 was shifted to left as the result of a cation-

exchange process. Similar changes in partition coefficients

of anionic forms of the amino acids were observed when

different amounts of NaBF4 were added to the aqueous

sample solutions which certified the occurrence of an

anion-exchange process. A similar mechanism has been

reported in the synthesis of some amino acid ionic liquids

(Ohno and Fukumoto 2007; Plaquevent et al. 2008; Chen

et al. 2008).

Back extraction of amino acids

In order to know how amino acids can be back extracted

from IL phase, three amino acids were individually

extracted into [C6mim][BF4] phase in the pH values less

than pKa of the corresponding carboxylic acid group. Then

every amino acid was back extracted into an aqueous

solution adjusted with an appropriate pH value. The pH of

aqueous solution was the value at which a special ionic

form of the amino acid was in its dominant form, i.e. with a

fraction of 0.9. It seems (Table 7) that the back extraction

efficiency of each amino acid is lower at pH values given

the higher partition coefficient. After back extraction, the

IL phase has been used for three more extraction protocol

that shows IL is recyclable.

Conclusions

It was found that electrostatic interactions of cationic and

anionic sites of IL’s with anionic and cationic forms of

amino acids, respectively, resulted in partitioning of amino

acids into IL phase. It is noticeable that electrostatic

interactions of anionic part of IL’s with cationic forms of

amino acids are stronger than electrostatic interactions of

cationic part of IL’s with anionic forms of amino acids

which causes higher partitioning of cationic forms of

amino acids into IL phase. In particular, it was shown that
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the chemical structures and chemical properties of side

chains of amino acids explained the specific behavior of

any amino acid for partitioning into IL phase. It was shown

that extraction of amino acids into IL phase followed an

ion-exchange mechanism and back-extraction efficiency of

each amino acid, at a specific pH value, was inversely

related to the value of its partition coefficient at that pH.

With regard to the different partitioning behaviors of amino

acids into IL’s we are going to use IL’s as suitable modi-

fiers on stationary phase of HPLC column to separate

acidic, basic and neutral amino acids from each other.

Acknowledgments The authors are grateful to Shiraz University

Research Council for financial support of this project and Mozhgan

Shahamirian for her technical assistance.

References

Absalan G, Akhond M, Sheikhian L (2008) Extraction and high

performance liquid chromatographic determination of 3-indole

butyric acid in pea plants by using imidazolium-based ionic

liquids as extractant. Talanta 77:407–411

Anderson JL, Ding J, Welton T, Armstrong DW (2002) Character-

izing ionic liquids on the basis of multiple solvation interactions.

J Am Chem Soc 124:14247–14254

Berthod A, Ruiz-Angel MJ, Huguet S (2005) Nonmolecular solvents

in separation methods: dual nature of room temperature ionic

liquids. Anal Chem 77:4071–4080

Bonhote P, Dias AP, Papageorgion N, Kalyanasundaram K, Gratzel

M (1996) Hydrophobic, highly conductive ambient-temperature

molten salts. Inorg Chem 35:1168–1178

Cammarata L, Kazarian SG, Salter PA, Welton T (2001) Molecular

states of water in room temperature ionic liquids. Phys Chem

Chem Phys 3:5192–5200

Chen X, Li X, Hu A, Wang F (2008) Advances in chiral ionic liquids

derived from natural amino acids. Tetrahedron Asymmetr

19:1–14

Freire MG, Santos LMNBF, Fernandes AM, Coutinho JAP, Marrucho

IM (2007) An overview of the mutual solubilities of water-

imidazolium-based ionic liquids systems. Fluid Phase Equilibria

26:449–454

Garrett RH, Grisham CM (1999) Biochemistry, 2nd edn. Saunders

College Publishing, New York

Gude MT, Meuwissen HHJ, Van Der Wielen LAM, Luyben KCAM

(1996) Partition coefficients and solubilities of a-amino acids in

aqueous 1-butanol solutions. Ind Eng Chem Res 35:4700–4712

Gulyaeva N, Zaslavsky A, Lechner P, Chait A, Zaslavsky B (2003)

pH dependence of the relative hydrophobicity and lipophilicity

of amino acids and peptides measured by aqueous two-phase and

octanol-buffer partitioning. J Peptide Research 61:71–79

Harris DC (2003) Quantitative chemical analysis, 6th edn. WH

Freeman, New York

Holbrey JD, Seddon KR (1999) The phase behavior of 1-alkyl-3-

methylimidazolium tetrafluoroborates; ionic liquids and ionic

liquid crystals. J Chem Soc Dalton Trans 2133–2139

Huddleston JG, Visser AE, Reichert WM, Willauer HD, Broker GA,

Rogers RD (2001) Characterization and comparison of hydro-

philic and hydrophobic room temperature ionic liquids incorpo-

rating the imidazolium cation. Green Chem 3:156–164

Iranpoor N, Firouzabadi H, Azadi R (2006) A new phosphine ionic

liquid (il-pph2) as reagent and solvent for highly selective

bromination, thiocyanation or isothiocyanataion of alcohols and

trimethylsilyl- and tetrahydropyranyl ethers. Tet Lett

47:5531–5534

Iranpoor N, Firouzabadi H, Azadi R (2008) Imidazolium-based

phosphinite ionic liquid (IL-OPPh2) as Pd ligand and solvent for

selective dehalogenation or homocoupling of aryl halides.

J Organomet Chem 693:2469–2472

Ku JR, Lai SM, Ileri N, Ramirez P, Mafe S, Stroeve P (2007) pH and

ionic strength effects on amino acid transport through au-

nanotubule membranes charged with self-assembled monolayers.

J Phys Chem C 111:2965–2973

Leodidis EB, Alan Hatton T (1990) Amino acids in AOT reversed

micelles. 1. Determination of interfacial partition coefficients

using the phase-transfer method. J Phys Chem 94:6400–6411

Leodidis EB, Bommarius AS, Alan Hatton T (1991) Amino acids in

reversed micelles. 3. Dependence of the interfacial partition

coefficient on excess phase salinity and interfacial curvature.

J Phys Chem 95:5943–5956

Mallakpour S, Kowsari E (2006) Microwave heating in conjunction

with ionic liquid as a novel method for the fast synthe-

sis of optically active poly(amideimide) s derived from n,n0-
(4,40-hexafluoroisopropylidenediphthaloyl)-bis-lmethionine and

various aromatic diamines. Iran Poly J 15:239–247

Nozaki Y, Tanford C (1971) The solubility of amino acids and two

glycine peptides in aqueous ethanol and dioxane solutions. J Biol

Chem 246:2211–2217

Ohno H, Fukumoto K (2007) Amino acid ionic liquids. Acc Chem

Res 40:1122–1129

Plaquevent JC, Levillain J, Guillen F, Malhiac C, Gaumont AC

(2008) Ionic liquids: new targets and media for a-amino acid and

peptide chemistry. Chem Rev 108:5035–5060

Sekhon SS, Lalia BS, Park JS, Kim CS, Yamada K (2006)

Physicochemical properties of proton conducting membranes

based on ionic liquid impregnated polymer for fuel cells. J Mater

Chem 16:2256–2265

Shaabani A, Sarvary A, Rahmati A, Hossein Rezayan A (2007) Ionic

liquid/silica sulfuric acid promoted fast synthesis of a biginelli-

like scaffold reaction. Lett Org Chem 4:68–71

Table 7 Back extraction of amino acids from [C6mim][BF4] phase

into aqueous solutions with different pH values

(a) Alanine (was extracted into IL at pH 1.39)

pH 1.39 6.10 10.82

Back extraction (%) ND 41.30 12.40

Partition coefficient ND 13.00 21.60

(b) Glutamic acid (was extracted into IL at pH 1.27)

pH 1.27 3.32 5.36 10.90

Back extraction (%) ND 24.00 53.50 17.00

Partition coefficient ND 18.04 8.90 21.02

(c) Lysine (was extracted into IL at pH 1.08)

pH 1.08 3.00 9.88 11.65

Back extraction (%) ND 60.00 32.70 15.20

Partition coefficient ND 6.91 15.35 20.76

Experimental conditions: aqueous solution, 0.5 ml of 1.0 9 10-3 M

amino acid solution with different pH values (a: 1.39, b: 1.27, c:

1.08); KCl 0.1 M IL phase, 50 ll; extraction period, 30 min; phos-

phate buffer solution, 1.0 9 10-3 M; KCl 0.1 M; back extraction

period, 30 min

ND not detected

Partitioning of acidic, basic and neutral amino acids 173

123



Sharifi A, Abaee MS, Mirzaei M, Salimi R (2008) Ionic liquid

mediated darzen’s condensation: an environmentally friendly

procedure for room temperature synthesis of a, b-epoxy ketones.

J Iran Chem Soc 5:135–139

Sievers C, Jimenez O, Müller TE, Steuernagel S, Lercher JA (2006)

Formation of solvent cages around organometallic complexes in

thin films of supported ionic liquid. J Am Chem Soc

128:13990–13991

Smirnova SV, Torocheshnikova II, Formanovsky AA, Pletnev IV

(2004) Solvent extraction of amino acids into room-temperature

ionic liquid with dicyclohexano-18-crown-6. Anal Bioanal

Chem 378:1369–1375

Soto A, Arce A, Khoshkbarchi MK (2005) Partitioning of antibiotics

in a two-liquid phase system formed by water and a room

temperature ionic liquid. Sep Purif Technol 44:242–246

Suarez PAZ, Einloft S, Dullius JEL, de Souza RF, Dupont J (1998)

Synthesis and physical-chemical properties of ionic liquids based

on 1-n-butyl-3-methylimidazolium cation. J Chim Phys

95:1626–1639

Sun SW, Lin YC, Weng YM, Chen MJ (2006) Efficiency improve-

ments on Ninhydrin method for amino acid quantification.

J Food Compos Anal 19:112–117

Tsunekawa H, Narumi A, Sano M, Hiwara A, Fujita M, Yokoyama H

(2003) Solvation and ion association studies of LiBF4-propy-

lenecarbonate and LiBF4-propylenecarbonate-trimethyl

phosphate solutions. J Phys Chem B 107:10962–10966

Wang J, Pei Y, Zhao Y, Hu Z (2005) Recovery of amino acids by

imidazolium based ionic liquids from aqueous media. Green

Chem 7:196–202

Welton T (1999) Room-temperature ionic liquids solvents for

synthesis and catalysis. Chem Rev 99:2071–2084

Xun F, Junling L, Ying M, Li Z, Debao W, Zhengshui H (2001)

Amino acid extraction with AOT reverse micelle. Colloid Surf A

Physicochem Eng Asp 179:1–10

174 G. Absalan et al.

123


	Partitioning of acidic, basic and neutral amino acids  into imidazolium-based ionic liquids
	Abstract
	Introduction
	Materials and methods
	Instruments
	Reagents
	Software
	Procedure

	Results and discussion
	Effect of amino acid chemical structure and pH
	Effect of chemical structure of the ionic liquids
	Extraction mechanism of amino acids into IL phase
	Back extraction of amino acids

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


