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Ionic liquids as mobile phase additives for
high-performance liquid chromatography
separation of phenoxy acid herbicides and
phenols

In this present study, 1-butyl-3-methylimidazolium chloride ([C4MIM]Cl), 1-octyl-3-

methylimidazolium chloride ([C8MIM]Cl), and 1-decyl-3-methylimidazolium chloride

([C10MIM]Cl) were adopted as mobile phase additives in the high performance liquid

chromatography (HPLC) to simultaneously separate phenoxy acid herbicides and phenols

at neutral pH. It was found that by using 20 mM of [C4MIM]Cl, baseline separation and

good chromatograms for all the acid compounds were obtained on a normal reversed-

phase C18 column. The retention time of the target acid compounds shortened with the

increase of the alkyl chain length and the concentrations of ionic liquids, probably due to

the delocalization of the positive charge on the imidazolium cation, the repulsion between

chlorine ions of ionic liquids and the acid compounds, as well as the stereo-hindrance

effect. The mechanism with ionic liquids as mobile additives for the separation of acid

compounds was discussed.
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1 Introduction

Room temperature ionic liquids are molten salt with both

cations and anions at ambient temperature. With many

novel properties, such as low volatility, no flammability and

good thermal stability, these ionic liquids are promising

‘‘green’’ solvents for replacing the traditional toxic solvents

in many fields [1, 2]. Presently, ionic liquids attract great

interests in separation sciences and analytical chemistry

[3–5]; and using ionic liquids as mobile phase additives for

the separation of polar compounds by reversed-phase high

performance liquid chromatography (RP-HPLC) was high-

lighted. Current studies mostly focused on basic

compounds, such as ephedrines [6], catecholamines [7],

adrenergic amines [8], amines [9], basic drugs [10], vitamins

[11] and so on; only a few reseach dealt with acid compoulds

[12–14].

For the separation of basic compounds, the pH of the

mobile phase was generally adjusted to low enough to

protonize the target analytes, and the mechanism for

separation was a pairing ion mechanism in essence [9]. On

the one hand, part of the cations of ionic liquids coated on

the surface of the stationary phase to suppress free silanols

and thus improved the shape of the chromatogram [10]; on

the other hand, part of the ionic liquids moved with the

mobile phase and interacted with the analytes, i.e. the

anions of ionic liquids paired with the positively charged

basic analytes to make the analytes more retentive, whereas

the cations of ionic liquids repulsed the positively charged

basic analytes to cause less retention of the analytes [9].

However, for acid compounds, the mechanism for separa-

tion and the effects of ionic liquids should be very different.

According to Kaliszan et al. [15] suppression of free silanols

in the stationary phase by imidazolium tetrafluoroborate

ionic liquids made basic compounds less retained whereas

acid compounds more retained. Xiao et al. [9] indicated the

effect of ionic liquid on the separation of phthalic acids was

very different from basic amines owing to the delocalization

of the imidazolium cations. Therefore, the mechanism for

separation of acid compounds was complicated, and further

work should be done for this aspect.

Phenoxy acid herbicides and phenols were of great

importance in the environment. Phenoxy acid herbicides
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were used widely to control the growth of different

unwanted plants in agricultural and forestry applications

[16], whereas phenols are important industrial and natural

products [17], as well as degradation products of phenoxy

acid herbicides. Because these pollutants are polar weak

acids and have high solubility in water, once released into

the environment, they are easy to enter the aquatic system

and cause threat to aquatic organisms due to their toxicity

[18, 19]. Therefore, the qualification of these polar pollutants

was of great importance.

Up to now, RP-HPLC was the most widely used method

for the separation and quantification of phenoxy acid

herbicides [20–22] and phenols [23, 24]. Because these

pollutants are weak acids with pKa values in the range of

2–11, the pH of the mobile phase should be adjusted to one

unite lower than the pKa value (pHrpKa–1) to make these

analytes uncharged and thus retain on the common RP-

HPLC column [21, 23]. However, such low pH usually

exceeded the normal working pH range of RP-HPLC

column (pH 3–8). So an alternative method using ion-pair

reagents as mobile phase additives was developed for

separating the acid analytes in the neutral mobiles phase, in

which the acid analytes were usually as their negatively

charged ion form [25]. Tertiary and quaternary amines were

generally recommended as counter ions for the RP-HPLC

separation of anionic solutes [26]. Tetra-alkyl ammoniums

(such as tetra-butyl ammonium bromide) were successfully

applied as ion-pair reagents for the separation of phenoxy

acid herbicides [27] and phenols [28]. However, it was

reported that tetra-alkyl ammoniums deteriorated the silica-

based RP-HPLC columns [29]. He et al. [6] demonstrated 1-

alkyl-3-methylimidazolium-based ionic liquids could over-

come the above disadvantage of tetra-alkyl ammoniums

when used as mobile phase additives.

The aim of this study was to investigate the possibilities

of utilizing 1-alkyl-3-methylimidazolium-based ionic liquids

as mobile phase additives to simultaneously separate

phenoxy acid herbicides and phenols at neutral pH on C18-

bonded silica column; and based on the retention behaviors

of these acid compounds, the mechanism for separation of

acid compounds was discussed.

2 Experimental

2.1 Reagents and materials

Six standards of phenoxy acid herbicides and phenols

with purityZ97% were purchased from Dr. Ehrenstorfer

(Augsburg, Germany). Table 1 showed the chemical

structures and some physical chemical properties of the

test compounds. Three ionic liquids, including 1-butyl-3-

methylimidazolium chloride ([C4MIM]Cl), 1-octyl-3-methyl-

imidazolium chloride ([C8MIM]Cl), and 1-decyl-3-methyl-

imidazolium chloride ([C10MIM]Cl), were purchased from

Solvent-Innovation (Cologne, Germany) with purity Z98%.

HPLC-grade acetonitrile and methanol were purchased

from J.T. Baker (Phillipsburg, NJ, USA). All other reagents

were of analytical-reagent grade or above and all water used

was ultra-purified to 418 O (EASY-pure LF, Barnstead

International, Dubuque, IA, USA).

Individual standard stock solutions (1000 mg/L) of

phenoxy acid herbicides and phenols were prepared by

dissolving 10 mg of standards in 10 mL of HPLC-grade

methanol, and working solutions were prepared daily by

appropriate dilution of the stock solution with water. Both

the stock solutions and the working solutions were stored at

41C.

2.2 HPLC separation

An Agilent 1200 Series Quaternary LC System (Santa Clara,

CA, USA) equipped with an Agilent 1200 Series Quaternary

pump, and an Agilent 1200 Series variable wavelength

detector (VWD) set at 280 nm was used for the HPLC

analysis. It was noteworthy that the maximum absorbance

wavelength for [C4MIM]Cl, [C8MIM]Cl and C10MIM]Cl

ionic liquid is 210 nm, and these ionic liquids have no UV

absorbance at 280 nm. Accordingly, the selected ionic

liquids did not increase the general UV absorbance back-

ground in the mobile phase. A personal computer equipped

with an Agilent ChemStation program for LC system was

used to process chromatographic data (Santa Clara, CA,

USA).

The separation of phenoxy acid herbicides and phenols

was performed on an Agilent TC-C18 Column

(250� 4.6 mm, particle size 5 mm) by using a mixture of

acetonitrile and water (the water phase contained several

amounts of tetra-butyl ammonium bromide or ionic liquids

as additives, the pH of the water phase was adjusted to 7.0)

as mobile phase at 1.0 mL/min. Unless otherwise stated, the

gradient program of the separation was as follows: the initial

acetonitrile was 20%, linearly increased to 28% acetonitrile

in 0–25 min, and then linearly increased to 60% acetonitrile

in 25–30 min and kept constant until 40 min, thereafter,

restored to 20% in 3 min followed by a 2 min equilibration

time.

Standard solutions containing 50 mg/L each of MCPA,

MCPP, 2, 4-D, DCPP, PNP and CMP were used throughout

the study, and the injecting volume of the sample was 20 mL.

3 Results and discussion

3.1 Effect of different 1-alkyl-3-methylimidazolium-

based ionic liquids on the separation

Before investigating the effect of various ionic liquids on the

separation of phenoxy acid herbicides and phenols, the most

widely used ion-pair reagent tetra-butyl ammonium

bromide was tested. The optimal chromatogram was shown

in Fig. 1. Although the six compounds were generally

separated, the retention time was so long (as long as 50 min)
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that the peak widths of the last five compounds were as high

as 0.584 to 0.819 min. Meanwhile, the resolution of the last

two analytes was poor. Therefore, it was of urgent

requirement to seek a novel kind of ion-pair reagents, and

ionic liquids were probably just this kind of reagents.

The effect of 1-alkyl-3-methylimidazolium-based ionic

liquids with various alkyl groups on the separation was

shown in Fig. 2. It was apparent that ionic liquids provide

better peak shapes and shorter retention time than tetra-

butyl ammonium bromide, indicating ionic liquids were

superior to tetra-butyl ammonium bromide as ion-pair

reagents. This result was similar to previous study [6] with

both triethylamine and 1-alkyl-3-methylimidazolium-based

ionic liquids as mobile phase modifier, probably because

ionic liquids shield the residual silanols of the RP-HPLC

column more efficiently than traditional ion-pair reagents.

As shown in Fig. 2, the length of alkyl groups of ionic

liquids had remarkable effect on the separation of the target

analytes. [C4MIM]Cl provided baseline separation of the six

analytes, whereas the separation deteriorated with the

increase of the length of the alkyl chain, i.e., the resolution

of MCPA (Peak 1) and CMP (Peak 2), as well as PNP (Peak

3) and 2,4-D (Peak 5) were bad when [C8MIM]Cl was used as

mobile phase additive; and MCPA (Peak 1) and CMP (Peak

2), as well as MCPP (Peak 4) and 2,4-D (Peak 5) were

overlapped when [C10MIM]Cl were adopted. It was note-

worthy that reversal elution sequences of PNP (Peak 3) were

observed when using [C4MIM]Cl as ion-pair reagents

compared with [C8MIM]Cl and [C10MIM]Cl. To our best

knowledge, reversal elution sequences by ionic liquid were

only observed by Xiao et al. [9] when using short chain

[C2MIM]BF4 to separate amines. The mostly probable

Table 1. Chemical structures and some physical chemical properties of phenoxy acid herbicides and phenols

Compound Abbreviation CAS number Structure Molecular weight pKaa) logKOW
a)

2-Methyl-4-chlorophenoxyacetic

acid

MCPA 94-74-6 200.62 3.13 3.25

Mecoprop MCPP 93-65-2 214.65 3.10 3.13

2,4-Dichlorophenoxyacetic acid 2, 4-D 94-75-7 221.04 2.73 2.81

Dichlorprop DCPP 120-36-5 235.07 2.70 3.43

4-Nitrophenol PNP 100-02-7 139.11 7.15 1.91

4-Chloro-2-methylphenol CMP 1570-64-5 142.59 9.71 2.78

a) Obtained from ref [31].
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reason was that short alkyl chain imidazolium cations (such

as [C2MIM]BF4 and [C4MIM]Cl) were easy to form hydrogen

bonding between the hydrogen atom on C-2 carbon of the

imidazolium cation and the counterion, whereas alkyl

chains with more than six carbons were difficult to form this

hydrogen bonding [9, 30]. The different properties between

[C4MIM]Cl and long alkyl chain ionic liquids (such as

[C8MIM]Cl and [C10MIM]Cl) made the elution sequences of

phenoxy acid herbicides and phenols different.

Another possible reason for the reversal elution

sequences was due to the different structures of the

analytes. As shown in Table 1, PNP was different from other

analytes due to the special strong electron withdrawing

group-nitryl and the less hydrophobicity (logKOW 1.91). On

the one hand, the nitryl of PNP strongly repulsed the

imidazolium cations and the repulsion between PNP and

ionic liquids should be predominant; On the other hand, the

hydrophobic interaction between PNP and the ionic liquids

coated pseudostationary phase was weaker comparing with

other more hydrophobic analytes. Either the above case

could make the retention of PNP less changed than the

other analytes with the increase of the alkyl chain length of

ionic liquids (Fig. 3). Comparing the retention of PNP with

that of MCPP and 2,4-D, it was obvious to find that PNP was

less retained than MCPP and 2,4-D in the [C4MIM]Cl

mobile phase, whereas it became more retained than the

latter two compounds when in the [C8MIM]Cl or

[C10MIM]Cl mobile phase. Accordingly, the normal elution

sequence was broken by PNP (Fig. 2).

3.2 Effect of the alkyl chain length of ionic liquids on

the retention

To farther explain the mechanisms for retention of acid

compounds by ionic liquids, the effect of different length of

Figure 2. Chromatograms of phenoxy
acid herbicides and phenols with mobile
phases containing 20 mM of various ionic
liquids. (A) [C4MIM]Cl; (B) [C8MIM]Cl; (C)
[C10MIM]Cl. Peaks: (1) MCPA; (2) CMP; (3)
PNP; (4) MCPP; (5) 2,4-D; (6) DCPP.

Figure 1. Optimal chromatogram of
phenoxy acid herbicides and phenols
with mobile phases containing 20 mM
of tetra-butyl ammonium bromide.
Peaks: (1) PNP; (2) MCPA; (3) CMP; (4)
DCPP; (5) MCPP; (6) 2,4-D.
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alkyl chain of ionic liquids were replotted. Fig. 3 demon-

strated that except for DCPP, the retention factor (k) for the

test compounds decreased with the increase of the alkyl

chain length. This phenomenon was consistent with basic

compounds in previous studies [6, 9]. He et al. [6] indicated

the possible reason for this phenomenon was that ionic

liquids with longer alkyl chain length on the imidazolium

cations were more effective in screening residual silanols

than shorter alkyl chain length ionic liquids. However, this

explanation was only telling for basic compounds. Because

the free silanols of the C18 RP-HPLC column showed base-

attracting and acid-repulsing effects, shielding of the free

silanols by ionic liquids generally made basic compounds

less retained whereas acid compounds more retained [15].

Therefore, for acid compounds, the mechanism for reten-

tion should be complicated. Herein, we deduced a two-way

role of ionic liquids on the retention of acid compounds

(Fig. 4). On the one hand, ionic liquids coated on the C18

RP-HPLC column to shield the free silanols which made

acid compounds more retained; once longer alkyl chain

ionic liquids screened the free silanols more effectively than

shorter alkyl chain ionic liquids as He et al. [6] explained or

hydrophobic interaction between ionic liquids and the

analytes was predominant, the retention of the target

compounds should increase with the increase of the alkyl

chain length of ionic liquids. On the other hand, the

imidazolium cations of ionic liquids paired with the

negatively charged acid analytes to make the analytes more

retained, whereas the delocalization of the charge on the

imidazolium cation [9] and stereo-hindrance effect would

produce a weaker association between the analytes and ionic

liquids. Obviously, this charge delocalization and the stereo-

hindrance effect were more pronounced for longer alkyl

chain ionic liquids than shorter ones. Accordingly, the

association between the analytes and longer alkyl chain

ionic liquids were weaker, and thus the retention decreased

with the increase of the alkyl chain length of ionic liquids.

According to the above explanation and Fig. 3, it seemed

that delocalization of the charge on the imidazolium cation

and stereo-hindrance effect should be the predominant

factors to determine the retention factor of acid compounds.

Because [C4MIM]Cl provided best separation and

shortest separation time, it was adopted for the subsequent

experiments.

3.3 Effect of the concentration of ionic liquids on the

retention

The chromatograms of the target acid compounds with

mobile phases containing various concentrations of

[C4MIM]Cl were shown in Fig. 5. Baseline separation of

the six target analytes were observed only in the case of 5

and 20 mM of [C4MIM]Cl; whereas PNP (Peak 3) overlapped

with other compounds in other cases. Besides, except for

PNP (Peak 3), the sequence of the elution for the other

compounds was unchanged [MCPA (Peak 1)-CMP (Peak 2)-

MCPP (Peak 4)-2,4-D (Peak 5)-DCPP (Peak 6)] in all the

cases. This exclusion for PNP was due to the special strong

electron withdrawing nitryl group and the less hydrophobi-

city of PNP compared with other compounds as we

discussed before, thus the association of PNP with

[C4MIM]Cl was weaker compared with that of other

compounds. Accordingly, the concentration of [C4MIM]Cl

had minor influence on the retention factor of PNP (Fig. 6).

As shown in Fig. 5 and Fig. 6, the retention time for the

target acid compounds decreased with the increase of the

concentration of [C4MIM]Cl. These phenomena were

consistent with most previous studies with both basic

compounds [6, 9, 10] and acid compounds [9], but not

agreed with some studies [7, 8, 12] in which the retention

time increased with the increase of the concentration of

ionic liquid. The explanation for these various results

remained complicated.

It was reported [6] that ionic liquid interacted with the

silica media via hydrophobic interaction (a), electrostatic

Figure 4. Illustration for the interaction of [C4MIM]Cl with C18

stationary phase and the target acid compound (A�) in the
mobile phase.
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Figure 3. Effect of 20 mM [C4MIM]Cl, [C8MIM]Cl and [C10MIM]Cl
on the retention factor k of phenoxy acid herbicides and
phenols.
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interaction (b) and electrostatic - hydrophobic interaction in

high concentration of ionic liquid (c) as illustrated in Fig. 4.

For basic compounds, screening of the free silanols (b) by

ionic liquid can make the analytes less retained [15]. With

the increase of the concentration of ionic liquids, more free

silanols were suppressed and thus the basic compounds

became less retained; besides, repulsion between the

imidazolium cations and the positively charged basic

compounds also decreased the retention. However, for the

case of increase the retention with the increase of the

concentration of ionic liquids, the possible reason was that

hydrophobic interaction was the predominant interaction

and the hydrophobic interaction between the basic

compounds and C18 alkyl groups was stronger than that of

ionic liquids and C18 alkyl groups [8].

For acid compounds as we investigated in this study, the

retention mechanism should be otherwise. On the one

hand, there was an ion-pair mechanism between the nega-

tively charged analytes and the positively charged ionic

liquids in the mobile phase (Fig. 4A), which increases the

retention of the analytes. Besides, coating of ionic liquids on

the surface of the stationary phase can also increase the

retention times of the analytes (Fig. 4A–C). Therefore, the

retention time increased with the increase of the concen-

tration of ionic liquids. On the other hand, with the increase

of the concentration of ionic liquids, the hydrophobic

interaction between ionic liquids in the mobile phase

(Fig. 4B) resulted in delocalization of the positive charge on

the imidazolium cation, thus weakening the ion-pair asso-

ciation between acid compounds (A�) and ionic liquids. The

repulsion between chlorine ions of ionic liquids and the acid

compounds (A�) also contributed to the reduced retention.

Both of these two aspects determined the effect of different

concentration of ionic liquids on the retention behavior of

acid compounds. In our present study, probably the latter

effect was predominant that the retention times decreased

with the amount of ionic liquids in the mobile phase

increasing.

It was worth noticing that previous work by He et al. [6]

demonstrated 1-alkyl-3-methylimidazolium-based ionic

liquids had minor effect on the chromatographic char-

acteristics of C18 column when used as mobile phase addi-

tives even at a concentration as high as 64.2 mM. The

concentration used in this present study was low enough

(0–30 mM) to neglect the harmful effect of ionic liquid on

the chromatographic column.
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Figure 6. Effect of the concentration of [C4MIM]Cl in the mobile
phases on the retention factor k of phenoxy acid herbicides and
phenols.

Figure 5. Chromatograms of phenoxy acid
herbicides and phenols with mobile phases
containing various concentrations of
[C4MIM]Cl. (A) 5 mM; (B) 10 mM; (C) 15 mM;
(D) 20 mM; (E) 30 mM. Peaks: (1) MCPA; (2)
CMP; (3) PNP; (4) MCPP; (5) 2,4-D; (6) DCPP.
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3.4 Mechanism of ionic liquids as mobile phase

additives on the separation of phenoxy acid

herbicides and phenols

Ionic liquids had dual effects on the separation of phenoxy

acid herbicides and phenols when used as HPLC mobile

phase additives. Part of the ionic liquids coated on the

stationary phase to suppress the free silanols, and part of the

ionic liquids paired with the negatively charged acid

compounds, both the two processes made the target acid

compounds more retained. However, the delocalization of

the positive charge on the imidazolium cation, the repulsion

between chlorine ions of ionic liquids and the acid

compounds, as well as the stereo-hindrance effect shorten

the retention time as presented in this study.

4 Conclusions

In this present study, 1-alkyl-3-methylimidazolium-based

ionic liquids were adopted as mobile phase additives to

simultaneously separate phenoxy acid herbicides and

phenols at neutral pH on a normal C18-bonded silica

column. Baseline separation and good chromatograms were

obtained by using 20 mM of [C4MIM]Cl. The retention time

shortened with the increase of the alkyl chain length and the

concentrations of ionic liquids, probably due to the

delocalization of the positive charge on the imidazolium

cation, the repulsion between chlorine ions of ionic liquids

and the acid compounds, as well as the stereo-hindrance

effect. Besides, ion-pairing interaction played a great role for

the separation of phenoxy acid herbicides and phenols by

using ionic liquids as HPLC mobile phase additives. More

details about the mechanism for separating acid compounds

are in progress.
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