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R. X. Ren

Department of Chemistry, Wesleyan University, Middletown, CT, USA

Abstract: The distribution of polar organic compounds typical of water contaminants

(organic acids, alcohols, and aromatic compounds) associated with oil and gas

production was measured between water and nine hydrophobic, room-temperature

ionic liquids. The ionic liquids used in this study were 1-butyl-3-methylimidazolium

bistrifluoromethanesulfonylimide, 1-hexyl-3-methylimidazolium bistrifluoromethane-

sulfonylimide, 1-octyl-3-methylimidazolium bistrifluoromethanesulfonylimide,

1-butyl-3-methylimidazolium hexafluorophosphate, trihexyltetradecylphosphonium

bistrifluoromethanesulfonylimide, 1-butyl-1-methyl-pyrrolidinium bistrifluorometha-

nesulfonylimide, trihexyltetradecylphosphonium dodecylbenzenesulfonate, tributylte-

tradecylphosphonium dodecylbenzenesulfonate, and trihexyltetradecylphosphonium

methanesulfonate. Sensitivity of the distribution coefficients to salinity, temperature,

concentration, and pH was investigated. Partitioning into the ionic liquid varied

considerably. Acetic acid did not significantly partition into the ionic liquid phase,

except for the sulfonate-anion ionic liquids. The solubility of hexanoic acid in the

ionic liquids was significant, where uptake of the protonated form from aqueous

solution was observed for all of the ionic liquids studied. Other organics also

showed high distribution coefficients, up to several hundred in the case of toluene

and 1-nonanol. The distribution coefficients for toluene, 1-nonanol, cyclohexanone,

and hexanoic acid were independent of ionic liquid-to-water ratio over the range
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from 0.02 to 1.0. The ionic liquids showed a large capacity for some organics, with

solubilities measured above 100 g . L21. Regeneration of the ionic liquids by rinsing

and heating was studied, with mixed success. These experiments show that certain

hydrophobic ionic liquids do have an affinity for organic contaminants in aqueous

solution. However, practical application of the ionic liquids tested for detection or

removal of selected water-soluble organics from the aqueous waste streams appears

to be limited by the small, but significant, solubility of the ionic liquids in the

aqueous phase and by difficulty in solvent regeneration. Further work aimed at deter-

mination of ionic liquids that dissolve target compounds and are nonhazardous and less

soluble in aqueous solutions is recommended.

Keywords: Produced water, ionic liquids, liquid phase separation, water-soluble

organics

INTRODUCTION

Oil and gas production usually involves pumping of large amounts of conta-

minated water along with the hydrocarbon phase, termed “produced water”

by the industry (1). This high-volume waste stream, on the order of a

trillion gallons of water a year, is subject to National Pollution Discharge

Elimination System (NPDES) permits. For Gulf of Mexico wells, the Environ-

mental Protection Agency (EPA) limit on oil and grease content in produced

water discharged in the ocean is a daily maximum of 42mg . L21 and a

monthly average of no more than 29mg . L21 (2). Wastewater is analyzed

for total petroleum hydrocarbon content, an analysis that not only measures

the less-soluble paraffinic hydrocarbons, but also soluble polar molecules:

phenols and organic acids (3). There is a variety of methods for removal of

trace amounts of hydrocarbon, but physical methods (i.e., filtration) are

subject to fouling, and chemical methods (i.e., acidification) can be defeated

by the chemistry of the oil (4). It would be desirable to have improved treat-

ment as well as on-line sampling of water-soluble organics in produced water

so that a problem with separation of the organics could be detected quickly,

should it arise, thus lessening any impact to the environment. This work

investigates the potential of room temperature ionic liquids for application

in the analysis of organics and remediation of produced water.

Ionic liquids that are hydrophobic and are stable in the presence of air and

water are possible candidate solvents for liquid-liquid extraction (5). Most

work has been aimed at extraction of metal ions, with the ionic liquid

replacing conventional organic diluents. For instance, Wei and coworkers

(6) investigated the extraction of metal ions from aqueous solution—

including measurement of the aqueous solubility of [C4mim][PF6] (1 to

8mg .mL21). The partitioning of metal ions from aqueous solution

into ionic liquids containing extractants [e.g., crown ethers, calixarenes, or

1-(pyridylazo)-2-napthol] far exceeds that obtainable with any conventional
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solvent (7–10). The ultimate separating agent, a task-specific solvent, can be

formed by incorporating a metal ion–ligating functional group into one of the

ions of an ionic liquid, such that it functions as both a hydrophobic solvent and

an extracting agent (11–13). Hydrophobic ionic liquids have also been used to

extract organic compounds from aqueous solution (14, 15), and have been

evaluated for use as the stationary phase in chromatographic analysis (16).

The pH-dependent distribution of certain solutes (e.g., organic acids) may

provide a route for reverse extraction (8, 14, 17).

After well-head separation of the aqueous phase from the hydrocarbon

phase, produced water is expected to contain a low concentration of

organics (18), and, hence, a sensitive method of analysis is required for

online monitoring. One such technique may be provided by uptake on a

quartz crystal microbalance (19–22). A quartz oscillator is covered with a

film onto which the analyte can dissolve, and a change in frequency corres-

ponds to the mass of the substance that is taken up onto the microbalance.

Classes of solvents that promise to have good properties for film formation

include ionic liquids because of their unique physical and chemical properties

(5), which are determined by the choice of the anion and cation, allowing

them, in principle, to be optimized for a particular application (15, 23). For

instance, the ionic liquids studied here have high viscosities, which is an

advantage in this research, as they are more likely to form a stable film

on the quartz crystal microbalance (24). Although currently expensive to syn-

thesize, ionic liquids may be recycled and used repeatedly in a cost-effective

process.

In spite of their high cost, the promise of ionic liquids means that their use

is being actively investigated for many industrial and environmental appli-

cations. In addition to waste remediation (25), other applications of ionic

liquids in oil production have been explored elsewhere, such as in the extrac-

tion of hydrocarbons from oil shales (26).

The experiment described in this paper tested the effectiveness of nine

different ionic liquids in removing organics from the aqueous phase as a

function of temperature, salinity, and pH. The organic compounds selected

were representative of various classes of water-soluble organics that have

been shown to contaminate produced water. Saturation behavior and regene-

ration were also investigated. The effect on organic removal by addition of

a diluent to the ionic liquid phase was also examined, as this has been

shown to enhance organic acid uptake in studies with amine/aqueous
systems (27).

Demonstration of organic solubility in selected ionic liquids is the first

step into the development of treatment systems and online sensors for

produced water contamination. The results of the current experiments were

compared to octanol-water coefficients available in the literature (28), to

assist with prediction of the uptake of organics from water into an immiscible

ionic liquid phase.
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EXPERIMENTAL

The uptake of organics into the ionic liquid from the aqueous phase was

measured using liquid-liquid contact experiments. Nine different ionic

liquids were selected for investigation: 1-butyl-3-methylimidazolium bistri-

fluoromethanesulfonylimide–[C4mim][NTf2], 1-hexyl-3-methylimidazolium

bistrifluoromethanesulfonylimide–[C6mim][NTf2], 1-octyl-3-methylimida-

zolium bistrifluoromethanesulfonylimide–[C8mim][NTf2], and 1-butyl-3-

methylimidazolium hexafluorophosphate–[C4mim][PF6], were synthesized

at Oak Ridge National Laboratory (ORNL) (29). Trihexyltetradecylphos-

phonium bistrifluoromethanesulfonylimide–[P666,14][NTf2] and 1-butyl-1-

methylpyrrolidinium bistrifluoromethanesulfonylimide–[C4mPm][NTf2]

were purchased from Merck. Trihexyltetradecylphosphonium dodecylbenze-

nesulfonate–[P666,14][LABS], tributyltetradecylphosphonium dodecylbenze-

nesulfonate–[P444,14][LABS], and trihexyltetradecylphosphonium

methanesulfonate–[P666,14][OMS] were synthesized by Rex Ren (Wesleyan

University, Connecticut) (30, 31). The affinity to water was checked for

most of these ionic liquids following a 60-min contact between 1mL of

ionic liquid and 10mL of deionized H2O in a vibrating mixer. Karl-Fischer

titration (Brinkman 652KF-Coulometer) was used to determine the water

solubility in the ionic liquid, and ultra violet (UV) spectroscopy (on a

Varian Cary 5000UV-Vis-NIR spectrophotometer) was used to determine

the ionic liquid solubility in deionized water. These tests were done under

ambient conditions in the laboratory, with temperatures ranging from 20 to

248C. Differential thermal analysis (DTA) and thermogravimetric analyses

(TGA) were also performed on some of the ionic liquids, using a Harrop

model ST-736 DTA/TGA apparatus (308C . h21, 100 cm3 .min21 N2 or O2).

Viscosities were recorded using a Brookfield Model DV-III Rheometer.

Contact experiments typically used 50 or 100mL of ionic liquid and 1 to

2mL of aqueous solution shaken together in a small vial. For some experi-

ments as little as 20mL or as much as 1mL of ionic liquid was used.

Aqueous solutions of representative organics (0.1 to 10 g . L21): hexanoic

acid (Sigma 99–100%), glacial acetic acid (J.T. Baker), 1-nonanol (Aldrich

98%), toluene (Aldrich 99%), cyclohexanone (Spectrum Quality Products

97%), and octane (MCB Manufacturing 98%) were used without further

purification.

Contacts took place over a range of conditions: in temperature (22+ 28C,
378C, 758C), in salinity (distilled-deionized water, 0.2M NaCl, 1.8M NaCl), in

pH (,2 to 12), in ionic liquid-to-water volumetric ratio (0.02 to 1.0), and in

organic concentration (0.1 to 10 g . L21). A diluent, 1-nonanol, was added to

some of the ionic liquids, [C4mim][PF6], [P666,14][LABS], [P444,14][LABS],

and [P666,14][OMS]. In the case of the [C4mim][PF6], the tests were carried

out to compare results on organic acid extraction with and without a

diluent. Ratios of ionic liquid to diluent ranged from 0.2 to 2. The sulfonate
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ionic liquids were extremely viscous, and a 1:1 volumetric dilution ratio was

required to be able to test extraction in the laboratory. The 1-nonanol was

chosen as the diluent because of its high solubility in the ionic liquids.

The two-phase systems were prepared, shaken for two minutes, centri-

fuged, and then allowed to settle for a few days. The aqueous phases were

analyzed on a Waters high performance liquid chromatograph (HPLC)

(refractive index detector 2410, auto sampler 717 Plus) or acidified and

extracted with methylene chloride and measured on a Hewlett Packard 5890

gas chromatograph (GC) using a flame ionization detector (FID). To

simplify the analysis, separate extraction experiments were carried out for

mixtures of the organic acids followed by HPLC analysis. Aqueous

solutions of toluene, 1-nonanol, and cyclohexanone, were treated separately

and analyzed by GC. Hexanoic acid could be analyzed using both methods.

Results were compared to controls, consisting of similarly treated aqueous

solutions without addition of ionic liquid. The effect of equilibration time

was investigated, with samples taken from mixtures that had been in contact

from periods of a few minutes, a few hours, a day, or up to a week. The

results showed no significant change in mixtures that had been contacted

for at least for one day. In addition to organic concentration, pH and Cl2 con-

centrations of the aqueous solutions were recorded before and after contact

using an Orion Model 520A ohmmeter.

Regeneration studies were carried out on a series of three replicate

samples, of 100mL [C4mim][PF6] in contact with 2mL of a solution of

hexanoic acid, toluene, and 1-nonanol in deionized water (all 1 g . L21 in con-

centration), which were subjected to a number of washing steps: deionized

water, pH10, pH10, pH2, pH10, pH10. At each step, the rinse solutions

were analyzed for the three organics of interest, until concentrations of the

organics in the rinse solution were negligible. One sample of ionic liquid

was then heated to 1208C to drive off the toluene, and the other two samples

were reused in contact experiments to measure the change, if any, in distri-

bution coefficient after the cycle of rinses. A similar procedure was carried

out for contacts with [C4mim][NTf2].

RESULTS

The physical properties measured for the ionic liquids under study are listed in

Table 1: mutual solubility with water, thermal stability, and viscosity. Some of

the information in the table was taken from the literature (16, 32, 33), with

good agreement, such as in the saturation water content of [C4mim][NTf2].

The dynamic viscosity of [C4mim][NTf2] measured here was close to the

literature value of 52 cp at 208C. The decomposition of the ionic liquid was

taken as the point at which the TGA sample showed significant weight loss,

to within +108C. Phase transitions were not apparent in the DTA traces.
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Table 1. Physical properties of ionic liquids

Ionic liquid

Solubility in

water (mM)

Saturation

water content

(ppm wt.)

Viscosity

(cp, mPa . s21)

Decomposition

temperature

(+108C)
Source of

data

[C4mim][NTf2] 16 14,000 52 (238C) 300 (99.97% N2) ORNL (33)

22 (508C) 290 (100% O2)

11 (808C)
50 (cooled to 228C)
52 (208C) (33)

[C6mim][NTf2] 7.6 11,000 C 280 (100% O2) ORNL

[C8mim][NTf2] 4.7 8,100 C 290 (100% O2) ORNL

[C4mim][PF6] 63 23,000 310 (258C) 180 (99.97% N2) (16, 32)

[P666,14][NTf2] A C C 270 (100% O2) ORNL

[C4mPm][NTf2] A 15,000 C 300 (100% O2) (32)

[P666,14][LABS]–1-nonanol (1:1) A B 50 (258C) 3208C (99.97% N2) ORNL

20 (508C)
[P444,14][LABS]–1-nonanol(1:1) A B 76 (258C) 3508C (99.97% N2) ORNL

28 (508C)
[P666,14][OMS]–1-nonanol (1:1) A B 74 (258C) 3608C (99.97% N2) ORNL

27 (508C)

Notes:

A. Not measured because spectrometer calibrated for imidazolium cation, absorption at 210 nm.

B. Not measured because water content will be affected by 1-nonanol diluent.

C. Insufficient sample to perform measurement.
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Tabulated results are given for each of the ionic liquids (Tables 2 through

10) giving the distribution coefficient, KD, or the concentration ratio of water-

soluble organics, designated “i,” between the ionic liquid and aqueous phases:

KD ¼
½i�IL
½i�aq

¼
vH2O

vIL
�
ðScontrol � ScontactÞ

Scontact
ð1Þ

where vH2O and vIL refer to the volumes of fluids used in the contact tests. The

peak areas from the chromatographic analyses for each analyte are given as S,

for the contact and control tests respectively. The tabulated results include

measurements taken under various conditions for each ionic liquid, as given

in the left-hand column, and many data are averaged over repeated measure-

ments to give a mean and standard deviation. As mentioned earlier, two

separate experiments were conducted using GC or HPLC methods of

analysis. The organics not studied in any particular set of runs are displayed

as the blank entries in the tables. Of course, measurement of the partitioning

of 1-nonanol into the mixtures of sulfonate ionic liquids diluted with

1-nonanol was not possible and has been denoted “not applicable in the table.”.

Because the ionic liquid could not be analyzed directly using the methods

available to us, the concentrations were derived by a mass balance from the

water analyses; the concentrations in the contact solutions were compared

to the concentrations in uncontacted controls. The uncertainty in the HPLC

analyses was calculated as+ 4% and that of the GC analyses +11% by

repeated measurements. In most cases, three replicate contacts were

performed under each set of conditions, and each of these was injected

twice into the GC. These efforts were made to minimize the scatter in the

calculated distribution coefficients, which were determined through difference

Table 2. Distribution coefficients for organic compounds between 1-butyl-3- methyl-

imidazolium bistrifluoromethanesulfonylimide and aqueous solution

[C4mim][NTf2] Hexanoic acid Acetic acid 1-Nonanol Toluene

pH, @228C, in deionized water

1.8+ 0.2 8+ 7 ,3 260+ 40 140+ 20

3.5+ 0.5 11+ 5 ,3 80+ 40 200+ 100

6+ 1 , 0.5 ,3 50+ 40 110+ 20

Temperature (8C) @pH3, in deionized water

22 12+ 7 ,3 70+ 50 110+ 50

37 12+ 3 ,3 70+ 40 —

Salinity @pH3, 228C
Deionized water 11+ 7 ,3 80+ 50 170+ 70

0.2MNaCl 10+ 2 ,3 80+ 60 —

1.8MNaCl 17+ 3 ,3 80+ 10 130+ 20
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calculations, as shown in the previous equation. When the difference in con-

centration was less than the detection limit before and after contact, this

is indicated with a less than sign in Tables 2 through 10. In some cases,

hexanoic acid was completely extracted, with the amount remaining in the

aqueous phase below the detection limit of the analysis. In such cases, the dis-

tribution coefficient could not be calculated, and so a greater than sign is used

in the table. Even though the uncertainties are large in some cases, they have

been included in Tables 2 through 10 to illustrate the performance of gas

chromatography, a standard for the analysis of produced water organics (3).

The measured distribution coefficients covered a broad range, from essen-

tially no extraction to complete extraction from the aqueous phase into the

ionic liquid. The organics that were best extracted were toluene and

1-nonanol. Other organics, such as cyclohexanone and hexanoic acid, trans-

ferred into the ionic liquid phase only under certain conditions. Still others,

such as acetic acid, were not taken up into the ionic liquid in measurable

amounts in most of the ionic liquids tested. For instance, the extraction of

hexanoic acid was sensitive to pH, as indicated by results from

[C4mim][NTf2] where the protonated form better partitioned into the ionic

liquid than the nonprotonated form. Yet removal of acetic acid with the

sulfonate ionic liquids did not demonstrate such a pH dependence. In the

Table 3. distribution coefficients for organic compounds between 1-hexyl-3-methyl-

imidazolium bistrifluoromethanesulfonylimide and aqueous solution

[C6mim][NTf2] @228C Hexanoic acid Cyclohexanone 1-Nonanol

pH in deionized water

2.5+ 0.5 11+ 3 12.2+ 0.4 —

5+ 1 2.0+ 0.6 — 230+ 60

10.5+ 0.5 ,1 15+ 1 —

Salinity @pH4.5

Deionized water — — 180+ 60

0.2MNaCl — — 200+ 200

Table 4. Distribution coefficients for organic compounds between 1-octyl-3-methyli-

midazolium bistrifluoromethanesulfonylimide and aqueous solution

[C8mim][NTf2] @228C,
in deionized water Hexanoic acid Acetic acid 1-Nonanol Toluene

pH 3.5+ 0.5 20+ 3 ,1 410+ 60 500+ 200

No dilution with

50% nonanol

120 2 Not applicable —

J. McFarlane et al.1252
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case of hexanoic acid, the pH sensitivity suggested a mechanism for recycling

the ionic liquid by rinses with controlled pH. Rinsing with a high-pH aqueous

solution will deprotonate the hexanoic acid and, thus, reduce its solubility in

the ionic liquid. The possibility of using pH control to enhance separation and

to clean up the ionic liquid solvent has been suggested by the work of other

groups: Visser and coworkers (34) using an indicator dye, Cull and colleagues

(35), who observed a pH sensitivity in the removal of erythromycin from

water by [C4mim][PF6], and Rogers et al. (13) and Carda-Broch et al. (17)

on the pH-dependent extraction of a variety of organics by [C4mim][PF6].

The performance of the ionic liquid as solvent was investigated under

conditions of changing solute concentration, from 0.1 g . L21 up to

10 g . L21, Fig. 1. In the cases of hexanoic acid, toluene, and 1-nonanol in

Table 5. Distribution coefficients for organic compounds between 1-butyl-3-methy-

limidazolium hexafluorophosphate and aqueous solution

[C4mim][PF6] Hexanoic acid Acetic acid 1-Nonanol Toluene

pH @228C in deionized water

1.8+ 0.2 6+ 1 ,2 9+ 8 80+ 20

3.5+ 0.5 4+ 2 ,0.1 — —

6+ 1 — ,2 6+ 5 100+ 20

12+ 0.5 4 ,2 16+ 6 60+ 20

Temperature (8C) @pH3, in deionized water

25 4+ 2 ,1 9+ 8 80+ 20

75 3+ 3 — A A

Salinity @pH3, 228C
Deionized water 6+ 4 ,1 5+ 6 68+ 9

0.2MNaCl 2+ 2 ,1 17 106

A: sample lost through volatilization.

Table 6. Distribution coefficients for organic compounds between trihexyltetradecyl-

phosphonium bistrifluoromethanesulfonylimide and aqueous solution

[P666,14][NTf2] @228C Hexanoic acid Cyclohexanone 1-Nonanol

pH in deionized water

2.5+ 0.5 25+ 2 15+ 2 —

5+ 1 6.4+ 0.4 — —

10.5+ 0.5 1.0+ 0.2 10+ 2 —

Salinity @pH4.5

Deionized water — — 170+ 60

0.2M NaCl — — 200+ 200
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[C4mim][PF6], the solubility limits in the ionic liquid were not reached.

Results for [C4mim][NTf2] were similar. However, the sulfonate ionic

liquids showed a slight decrease in distribution coefficient at the highest con-

centration of the organics. Saturation of the ionic liquid was also investigated

as a function of volume ratio, ionic liquid-to-H2O, Fig. 2. The solvent did not

appear to lose its ability to extract organics as the ratio was changed from

0.02 to 1.

For the ionic liquids where several ionic liquid-to-aqueous phase ratios

were studied, organic solubility in ionic liquid was estimated from the

amount of organic transferred into the ionic liquid divided by the volume of

ionic liquid used in the contact, Table 11. Using published values of

activity (36) and of octanol-water partition (37) coefficients, the activity coef-

ficients of the organics in [C4mim][PF6] were calculated: gIL (toluene) ¼ 3.8,

gIL (hexanoic acid) ¼ 3.9, and gIL (cyclohexanone) .3.5. The value for

toluene compares reasonably well with the infinite dilution values measured

by Krummen and coworkers (45), gIL (olefins) of 10–20 and gIL

Table 7. Distribution coefficients for organic compounds between 1-butyl-3-methyl-

pyrrolidinium bistrifluoromethanesulfonylimide and aqueous solution

[C4mPm][NTf2] @228C Hexanoic acid Cyclohexanone 1-Nonanol

pH in deionized water

2.5+ 0.5 9+ 3 10+ 1 —

5+ 1 1.6+ 0.6 — 200+ 30

10.5+ 0.5 , 1 11.5+ 0.7 —

Salinity @pH4.5

Deionized water — — 180+ 50

0.2M NaCl — — 200+ 100

Table 8. Distribution coefficients for organic compounds between Trihexyltetrade-

cylphophonium dodecylbenzenesulfonate-1-nonanol (1 : 1) and aqueous solution

[P666,14][LABS]–

1-nonanol (1:1) @228C Hexanoic acid Acetic acid Cyclohexanone Toluene

pH in deionized water

3.2 .10000 0.6 — 140+ 20

4.3 .185 — 3.9+ 0.3 200+ 100

10.7 10+ 1 — 4.20+ 0.02 110+ 20

11.1 3.2+ 0.3 1.9+ 0.2 — —

Salinity @pH4.3

Deionized water .185 — 3.9+ 0.3 200+ 100

0.2 M NaCl 300+ 100 — 6+ 2 —
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(benzene)�2 for imidazolium [NTf2] ionic liquids. It must be noted that the

values measured in the current work are estimates and do not represent

ideal solution behavior.

The salinity of the brine, Tables 2–10, did not appear to change the solu-

bility of the organic in the ionic liquid. Nor did the [C4mim][NTf2] affect the

salinity of the brine, from chloride ion measurements of the aqueous phase, so

significant ion exchange was not observed. Similar results have been reported

elsewhere in contacts with solutions of chlorophenols (25). However, Bekou

and coworkers did find that ionic strength does affect ionic liquid solubility

in water, in agreement with recent Oak Ridge National Laboratory results

that will be reported elsewhere, where the solubility of the ionic liquid was

found to be inversely related to the ionic strength in solutions with salt concen-

tration up to 3M (60).

Table 9. Distribution coefficients for organic compounds between tributyltetradecyl-

phophonium dodecylbenzenesulfonate-1-nonanol (1:1) and aqueous solution

[P444,14][LABS]–

1-nonanol

(1:1) @228C Hexanoic acid Acetic acid Cyclohexanone Toluene

pH in deionized water

3.2 .119 1.9+ 0.8 — —

4.3 .146 — 4.9+ 0.7 60+ 5

10.7 17+ 4 — 7.12+ 0.08 —

11.1 2.4+ 0.6 1.3+ 0.9 — —

Salinity @pH4.3

Deionized water .146 — 4.9+ 0.7 60+ 5

0.2M NaCl 180+ 80 — 5.6+ 0.3 —

Table 10. Distribution coefficients for organic compounds between trihexyltetrade-

cylphosphonium methanesulfonate-1-nonanol (1:1) and aqueous solution

[P666,14][OMS]–

1-nonanol

(1:1) @228C Hexanoic acid Acetic acid Cyclohexanone Toluene

pH in deionized water

3.2 .183 0.8+ 0.4 4+ 1 57+ 4

4.3 481 — 3.2+ 0.7 12.8+ 0.1

10.9+ 0.2 58+ 1 6.3+ 0.4 — —

Salinity @pH4.3

Deionized water 481 — 4+ 1 60+ 5

0.2M NaCl 300+ 50 — 8+ 1 —
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Temperature effects were complicated by the enhanced solubility of the

ionic liquid in the aqueous phase and losses through volatilization. Hence,

the effect of temperature on organic solubility was not quantified.

Because of its apparent affinity for ionic liquids, 1-nonanol was also used

as a diluent of the ionic liquid, with the objective being an enhancement of the

Figure 1. Concentration of organic compounds in [C4mim][PF6] ionic liquid as a

function of aqueous concentration with other factors held constant: temperature

(258C), ambient pressure, ratio of ionic liquid to aqueous phase 1:10.

Figure 2. Percentage of cyclohexanone taken up into the sulfonate ionic liquids as a

function of phase ratio: #1 [P666,14][OMS], #2 [P666,14][LABS], #3 [P444,14][LABS].
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uptake of other organic molecules into the ionic liquid phase. Diluents have

been used to increase the ability of amine solvents to remove organic acids

from aqueous solution through more efficient mass transfer (27). As can be

seen with the results for [C8mim][NTf2], Table 4, the 1-nonanol diluent

assisted with the uptake of organic acids into the ionic liquid. All of the

data on the sulfonate ionic liquid was taken with 50% (v/v) mixtures of

1-nonanol and ionic liquid, because the neat ionic liquid was too viscous to

allow for reliable sampling.

The results of the regeneration experiments, Fig. 3, showed that the

remediation of [C4mim][PF6] through rinsing was successful in the case of

Table 11. Estimates of solubility using ratio experiments

Organic Organic solubility (g . L21) in ionic liquid

[C4mim]

[PF6]

[P666,14][LABS]2

1-nonanol

(1:1)

[P444,14][LABS]2

1-nonanol

(1:1)

[P666,14][OMS]2

1-nonanol

(1:1)

Toluene 200+ 40 230 213 339

1-nonanol 20+ 10 Miscible Miscible Miscible

Hexanoic acid 20+ 10 430 576 865

Cyclohexanone — 47 111 53

Figure 3. Fraction of organic remaining in [C4mim][PF6] after treatment. The initial

amount of organic transferred into the ionic liquid from the aqueous phase was normal-

ized to one. Note that all of the 1-nonanol was removed from the ionic liquid following

the final rinse.
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1-nonanol, but less so for hexanoic acid, and not at all for toluene. After

heating at 1208C for several hours, the response to toluene and 1-nonanol

returned for [C4mim][NTf2], Fig. 4, but not for hexanoic acid. This finding

was borne out by nuclear magnetic resonance (NMR) studies on the regene-

rated ionic liquid which showed small peaks from impurities in the spectra.

Heating [C4mim][PF6] to remove the toluene was not successful because it

induced decomposition of the [C4mim][PF6], as observed in NMR spectra

taken after heating.

DISCUSSION

The focus of these experiments was to investigate the interaction between

ionic liquids and organics, and some background information will assist in

the interpretation of the current results. Elsewhere, it has been reported that

the affinity between an ionic liquid and an organic is related to the

existence of polarizable electrons in the solute (38). Indeed, polar organics

appear to show an affinity for ionic liquids of most types, in contrast to

aliphatic hydrocarbons (16). The existence of polarizable p electrons

present in aromatic compounds has a positive effect on solubility in ionic

Figure 4. Fractional removal of various organics for aqueous contacts with fresh

ionic liquid [C4mim][NTf2] (cycle 1), rinsed ionic liquid (cycle 2), and ionic liquid

both rinsed and heated (cycle 3). Note that the removal of hexanoic acid was negligible

after the aqueous rinses.
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liquids, in some cases it gives rise to exothermic heats of solution (39). On the

basis of this type of analysis, however, it is surprising that the interaction of

organic acids with ionic liquids is so complex. Highly polar organics, such

as acetic acid, are not strongly absorbed from water into ionic liquids.

However, longer chain aliphatic acids, such as hexanoic acid, do partition

into the ionic liquid in the protonated form, when the pH is less than the

pKa of the acid.

One explanation for the behavior of acids in ionic liquids relates to the

relative basicities of the conjugate bases of the ionic liquid anion and the

deprotonated acid (40). For instance, the ionic liquids that have the [NTf2]

and the [PF6] anions, are very weakly basic, and the anion is a weaker

Lewis base (or electron donor) than water. In this case, an acid dissolved in

such an ionic liquid would be expected to be less dissociated than it is in

water. For hexanoic acid, this is indeed the case, where the solubility of the

acid in any of the ionic liquids tested was much higher at low than at

neutral or high pH.

Such behavior was not observed for acetic acid; therefore, this may be

related to the possibility of forming an ionic liquid with the acetate anion

through anion exchange. Ionic liquids with the acetate anion are more basic

than water, and would behave as Lewis bases to deprotonate the organic

acid. If the organic acid anion, such as acetate, has a high solubility in

water, it will, therefore, not be extracted from aqueous solution. The

observed small uptake of acetic acid into the sulfonate ionic liquids likely

arose because of the presence of the 1-nonanol diluent, rather than the

effect of the ionic liquid itself. Methanesulfonate will be approximately the

same, or even less basic than H2O (the pKas of methanesulfonic acid and

the hydronium ion being about 22 and 21.74 respectively).

Octanol-water coefficients (41, 42), Kow values, for various organic

species studied are listed in Table 12, along with the range of distribution

coefficients observed in the ionic liquids in this work. Arguments have been

presented in the literature that the Kow values correlate with the uptake into

ionic liquids (25, 43). Although such a trend does appear to describe the

data when considering one ionic liquid and a series of similar organics,

Table 12. Distribution coefficients and activity coefficients for

organics in ionic liquids

Organic Kow (ref.) KIL/W range

Toluene 2.73 (41) 13–200

1-nonanol 3.77 (42) 5–410

Acetic acid 20.17 (41) Not extracted–6

Hexanoic acid 1.92 (41) Not extracted–25

Cyclohexanone 0.81 (41) 3–15
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such as chloroalkanes (43), it is apparent that one distribution coefficient does

not predict the behavior over the range of ionic liquids studied here, even

though the ionic liquids that were selected for this study could all be classified

as nonreacting, weakly basic ionic liquids. Activity coefficients at infinite

dilution have been measured for toluene and other hydrocarbons

compounds in [C4mim][NTf2], [C6mim][NTf2], and [C4mim][PF6] (43–45).

These are not only dependent on the ionic liquid, but also on physical

conditions such as temperature. Chemical interactions such as acid-base

phenomena (46), and the interactions between charged and noncharged

molecules in both the aqueous and ionic liquid phases (47) must be considered

in understanding the behavior of multiphase systems involving ionic liquids.

Quantum mechanical calculations have been used to predict thermodynamic

properties of mixtures, and they have proved particularly successful for the

prediction of gas solubility in ionic liquids (e.g., 48). Alternatively, an

empirical approach has been used, that includes solvent polarizability and

acidity as variables in the analysis (17, 49).

A number of factors must be considered in the choice of an ionic liquid

that would perform the best for a particular application. If extraction from

an aqueous solution is required, solubility of the ionic liquid must be negli-

gible to minimize losses (50–52). The ionic liquid must be thermally stable

and have the correct physical properties, i.e., liquidity, viscosity, and low

vapor pressure, under field conditions. The ionic liquid must have a high

affinity to the organic of interest in comparison to water, but yet be regene-

rable. Many of these factors have been examined in this series of experiments.

Toxicity, another key concern has not, although it is being investigated

elsewhere (53).

All of the ionic liquids tested, were of course, liquid at ambient tempera-

tures. Most were stable to temperatures well above 2008C, higher than a

petroleum extraction operation; (54) although, [C4mim][PF6] was observed

to degrade at a slightly lower temperature, 1808C. In addition, the reactivity

of [C4mim][PF6] in water resulting in the release of HF (hydrogen fluoride)

precludes its use in most applications (23). The viscosity of the sulfonate

ionic liquids would render them difficult to use in bulk chemical processing

under ambient conditions; however, they may be employed as stable film

materials on membrane substrates (55). Also, because the viscosity of ionic

liquids drops rapidly with temperature, the sulfonate-based materials may

be useful for processes at elevated temperatures.

The aqueous solubilities of the ionic liquids varied considerably, and are

not negligible even for “hydrophobic” ionic liquids. Although not measured

here, one would also expect aqueous solubility to change in a ternary

system involving hydrophilic organics, such as alcohols and acids. The

phase behavior of ionic liquids will affect the practicality of processing and

sensor applications. In processing, the treated water will contain ionic

liquids at concentrations approaching their solubility, which poses two
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issues: 1) environmental acceptability of the effluent, and 2) operating cost for

makeup of lost ionic liquids. In the first case, the liquid extraction process

could be seen as trading one type of organic contamination for another. In

the case of [C8mim][NTf2] solubility is approximately 2.2 g . L21, far

greater than the 29mg . L21 NPDES limit. The focus of industrial applications

must be either to find much less soluble ionic liquids or to develop processes

for their recovery from the aqueous phase, such as use of supercritical phase

splitting (56) or by water-structuring salts (57). Losses have an economic

impact as well as a potential environmental effect, since ionic liquids are

currently significantly more costly than are conventional solvents. Losses

would also limit sensor lifetime and contribute to a constantly changing

baseline. The advantages of ionic liquids may be best suited for closed

systems, where recovery can be carefully controlled. In summary, the

criteria for minimal solubility in water become much more stringent when

ionic liquid systems are taken from the laboratory bench and applied to an

industrial process.

CONCLUSIONS

In this study, the use of nine different ionic liquids in produced water remedia-

tion was investigated. As a first step, the distribution coefficients of prototypi-

cal organic contaminants between water and ionic liquids were measured. The

organic contaminants studied to date were hexanoic acid, 1-nonanol, toluene,

acetic acid, and cyclohexanone. Measured distribution coefficients (concen-

tration in the ionic liquid divided by concentration in the aqueous phase

after equilibration) ranged from negligible to several hundred. The uptake

of acetic acid was marginal in the ionic liquids tested, which may pose a

problem for use in produced water remediation because acetic acid is the

most important organic constituent (58). The distribution coefficient for

hexanoic acid was pH-sensitive; higher for the hexanoic acid at low pH.

This pH sensitivity may assist in regenerating the ionic liquid. High organic

concentrations in ionic liquids were determined for many species that

showed significant partitioning from the aqueous into the ionic liquid phase.

The results of the experiment showed that ionic liquids may be very

effective in the selective removal of particular contaminants in produced

water, and yet will be fairly blind to other constituents such as paraffinic

organic compounds. Although this would present difficulties in across-

the-board remediation, it may prove advantageous in sampling for a particular

priority pollutant (59). Chemical selectivity is one of many considerations for

the use of ionic liquids in environmental applications. Other factors include

losses by dissolution into the aqueous phase, degradation over time from

uptake of contaminants, regeneration, fluid properties such as viscosity, and

toxicity, all of which merit further investigation.
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