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Extraction of Sodium Chloride from Water and Solubility of Water in
Hydrophobic Trialkylammonium Alkanoate-Based lonic Liquids
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The sodium chloride extraction from aqueous solutions by using hydrophobic trialkylammonium alkanoate
ionic liquids (ILs) is studied experimentally. The water solubility in these ILsis also determined. It isfound
that trialkylammonium akanoate ILs show sodium chloride extraction efficiencies up to 0.101 g NaCl
extracted/g NaCl start. This efficiency cannot be explained by the low water uptake (up to 0.02 Qyaer/0iL)
inthelL. Instead, the sodium chloride extraction must be attributed to other factors, such as steric hindrance
considerations. Steric hindrance considerations also explain the dependence of sodium chloride extraction
efficiency on the IL structure. Kinetic experiments were performed to ensure a state of chemical equilibrium.

Introduction

lonic liquids (ILs) have been described as environmentally
benign replacements for traditional volatile organic solvents due
to their negligible vapor pressure at room temperature.* ILs are
molten salts that are liquid at temperatures below 373 K. Their
characteristics include excellent solubility properties, a wide
liquid temperature range, and a wide electrochemical window.
Because it is possible to tune the physical and chemical
properties of ILs by varying the nature of the anions and cations,
they can be task-specifically designed for a certain application.
ILs have successfully been applied as solvents in chemical
synthesis, catalysis, and separation technology.2

An interesting application of ILs s their usage as extraction
media. For example, hydrophobic ILs have been used to extract
organics from agueous media®* However, even the most
hydrophobic ILs still show some mutual asymmetric solubility
with water.> 8 These mutual solubilities of ILs and water are
not symmetric. Generally, amuch higher mole fraction of water
is present in the IL phase than IL in the water phase at the
same temperature.>”°~® The upper critical solution temperature
(UCST) is thus found at very low mole fractions of the IL.*

When an IL isused as a solvent to extract solutes from water,
the dissolution of the IL in the aqueous phase could represent
a wastewater treatment challenge,” especially since many ILs
present toxicity toward micro-organisms.* It was recently found
that the mutual solubilities between IL and water could be
decreased by an addition of an inorganic salt, a so-called salting-
out effect.> 8 Therefore, if an IL is used to extract a salt from
a water phase, the cross-contamination problems could be
designed to be less severe.

The extraction of sats from water by using ILs is not
commonly studied, because of problems with cross contamina-
tion mentioned before and because the solubility of saltsin the
conventionally used imidazolium-based ILs is generally very
low (less than 1 %).* Salt solubilities in ILs can be increased
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(i) by changing the IL structure'®=2 or (ii) by the addition of
ligands.?*~2” The first option involves the devel opment of task-
specific ILs with both hydrophilic and metal ion-ligating
functional groups. An example is the use of urea-, thiourea,
and thioether-substituted imidazolium hexafluorophosphate ILs
for the extraction of Hg?" and Cd?* from water.? It was also
found that imidazolium-based ILs with iodide and bromide
anions show higher |L/water partitioning for Hg?" than imida-
zolium-based ILs with chloride, fluoride, or cyanide anions.®
However, a correlation between the chain length of the akyl
group on the cation and the Hg™ extraction efficiency was
absent.? The second option involves enhanced solubility of the
metal ions using ligands. Especially the solvation of crown ether
complexes in ILs has been studied to increase metal salt
solubilities in ILs.2*%7

In this article a new type of hydrophobic ILs based on
trialkylammonium akanoate is described as a salt extraction
medium from aqueous solutions. To the best of our knowledge,
this type of ILs has never been investigated before as an
extracting solvent. The focus of this research is to determine
the sodium chloride (NaCl) extraction efficiency from agueous
solutions by using trialkylammonium akanoate ILs. The water
uptake by these ILs will also be measured.

Experimental Section

A NaCl solution was prepared by mixing 3.4 g of NaCl with
100 mL of water. A mixture of 2.5 g of the prepared NaCl
solution and 2.5 g of IL were put into an Erlenmeyer flask at
the start of the experiment. The samples were weighed on a
balance and had an uncertainty of 0.0001 g. After shaking the
mixture vigorously for 10 min on a vortex mixer, the phases
were put into a centrifuge tube. The tube was put into a
centrifuge (Beckman Coulter Allegra X-12R and centrifuged
for 5 min at 3750 rpm. The phases were then separated by using
syringes. All experiments were performed at room temperature
(295 K).

The Na" content in the water phase after extraction was
analyzed twice using an inductively coupled plasma atomic
emission pectrometer (ICP-AES) (Perkin-Elmer Optima 5300DV)
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Table 1. Trialkylammonium Alkanoate ILs with Given Numbers
Used in This Research, Indicating the Specific R; and R, Groups
from Figure 1 for Each IL

IL no. Ry R>
trioctylammonium acetate 1 octyl methy!
trioctylammonium butyrate 2 octyl propyl
trioctylammonium trans-2-hexenoate 3 octyl 1-penteny!
trioctylammonium heptanoate 4 octyl hexyl
trioctylammonium octanoate 5 octyl heptyl
trioctylammonium decanoate 6 octyl nonyl
trioctylammonium (+) 2-butyloctanocate 7  octyl 1-butylhepty!
triisobutylammonium hexanoate 8 isobutyl pentyl
triisobutylammonium heptanoate 9 isobutyl hexyl
triisobutylammonium octanoate 10 isobutyl heptyl
triisobutylammonium decanoate 11 isobutyl nonyl

with an uncertainty of 1 %. The ICP-AES had a detection limit
of 0.05 mg-L~! and a measuring range of (0 to 10) mg-L ™.
The water content in the IL phase was measured by a Karl
Fischer coulometer (Metrohm KF 756 coulometer) and had an
uncertainty of 1 mg-L™%

The ILs used for these experiments can be found in Table 1
and were purchased from Bionigs. The purity of the ILs was >
98 % with a water content of less than 0.13 % and an anion
purity of > 99.4 %. The NaCl was supplied by Bohm and was
of technical grade. The purity was 99.5 % and contained traces
of calcium (0.002 %), copper (0.0001 %), magnesium (0.0001
%), iron (0.0001 %), and sulfate (0.15 %).

To validate the measurements and to ensure a state of
chemical equilibria after 10 min, kinetic experiments using the
ILs triisobutylammonium octanoate and trioctylammonium
octanoate were carried out as well. For the kinetic experiments
a mixture of 2.0 g of NaCl solution and 2.0 g of IL were put
into a centrifuge tube and shaken vigorously using a Heidolph
Multi Reax for (1, 2, 5, 10, 15, or 300) min with an uncertainty
of 0.05 min. The tubes shaken for (5, 10, 15, and 300) min
were then put into a centrifuge (Beckman Coulter Allegra
X-12R) for 5 min at 3750 rpm. The kinetic experiments with
durations of 1 and 2 min had a centrifuge time of 2 min at
3750 rpm. The phases were separated by using syringes. The
Na’ content in the water phase after extraction was measured
by ICP-AES.

Results and Discussion

The trialkylammonium alkanoate ILs studied in this research
can be found in Table 1. The genera structure of these ILs is
shown in Figure 1. For al ILsfrom Table 1 the NaCl extraction
efficiency was measured. To be able to ensure a state of
chemical equilibrium, first, kinetic experiments were carried out
using the ILs triisobutylammonium octanoate and trioctylam-
monium octanoate. Figure 2 clearly shows that equilibrium has
been reached after 10 min for triisobutylammonium octanoate.

Next, for al ILsfrom Table 1 the NaCl extraction efficiency
from a 34 g NaCl/L H,0 aqueous solution (ratio NaCl solution/
IL = 1:1) at room temperature (295 K) was measured. The
extraction efficiencies are defined as the amount of NaCl that
has been transferred from the water phase to the IL phase over
the initial amount of NaCl present in the aqueous phase. The
results are shown in Table 2. It can be seen that the NaCl
extraction efficiencies vary from (0.0180 to 0.101) g NaCl
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Figure 1. Generic structure of trialkylammonium akanoate ILs.
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Figure 2. NaCl extraction efficiency, », of the IL triisobutylammonium
octanoate as a function of the extraction time, t. A state of equilibrium is
reached after 10 min.

Table 2. NaCl Extraction Efficiencies, 5, in g NaCl Extracted/g
NaCl Start Solution, as Measured in This Work, from a NaCl
Solution (34 g-L™Y) by Using Trialkylammonium Alkanoate ILs
(Ratio of NaCl Solution/IL = 1:1), the Partition Coefficients, P, in
(MOlnac/L)1L/(MOlnaci/L)water, @and the Number of Carbon Atoms in
the Cation, n., and in the Anion, n,, for Each IL?

IL Ne Na n P
1 24 2 0.079 0.25
2 24 4 0.090 0.29
3 24 6 0.047 0.14
4 24 7 0.036 0.11
5 24 8 0.065 0.20
6 24 10 0.054 0.17
7 24 12 0.065 0.21
8 12 6 0.058 0.19
9 12 7 0.018 0.06

10 12 8 0.10 0.34

11 12 10 0.058 0.19

2 All experiments were conducted at room temperature.
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Figure 3. NaCl extraction efficiencies, #, versus the number of carbon-
atoms in the anion of the IL, Cuon. The square points (M) represent the
results for trii sobutylammonium-based ILs, and the trioctylammonium-based
ILs are represented by the diamond points (4).

extracted/g NaCl start, depending on the IL used. The same
data have also been expressed in Table 2 as partition coefficient
P ((molnaci* LY 1/(Molnac L Dwaer)- A plot of the extraction
efficiency versus the number of carbon atoms in the anion of
the IL is shown in Figure 3. The error bars were obtained from
propagation of error calculations from duplicate analyses.
From Figure 3 it can be noticed that the extraction efficiency
is dependent on the IL structure. If a trioctylammonium-based
IL is used in combination with a small anion, the extraction
efficiency isrelatively high. The small anions can easily travel



Table 3. Ratio Water Uptake and NaCl Extraction, Wi,o/Wnaci,

Calculated from the Water Uptake in the IL, W20, IN Quater/QiL, and
the Fraction of NaCl in the IL, Wyaci, iN Onac/9iL

IL Wh,0 Whiacl Wii,0/Wiiaci
1 0.0185 0.00270 6.85
2 0.0156 0.00310 5.08
3 0.0167 0.00160 10.5
4 0.00980 0.00120 8.04
5 0.00900 0.00220 4.08
6 0.0143 0.00180 7.80
7 0.00420 0.00220 1.89
8 0.0204 0.00200 10.4
9 0.00790 0.000600 13.0

10 0.0144 0.00340 4.18

11 0.00190 0.00200 0.97

through the liquid and can achieve a high level of coordination
with the large cation. The NaCl can be easily coordinated in
between the cation and the anion, hence explaining the relatively
high extraction efficiency compared to most commonly known
ILs, such as imidazolium- and pyridinium-based ILs with
hexafluorophosphate and bis(trifluoromethylsulfonyl)imide an-
ions.* If the anion is much larger (ILs 5, 6, 7), less coordination
is possible. If the anion has an octyl chain, it will fit quite well
in between the akyl chains of the cation. This will give an
increased coordination over ILs 3 and 4. If the alkyl chain of
the anion has 10 or 12 carbon atoms, then the coordination is
also better. This can perhaps be explained by the fact that if
larger anions are being used they need to have an even number
of carbon atoms on the alkyl chain. Apparently these give better
coordination and thus better NaCl extraction. This of course
has to be further investigated, that is, by testing anions with
alkyl chain lengths of an odd number of carbon atoms.

The extraction efficiencies for the triisobutylammonium-based
ILs do not show aclear trend. Since the cation undergoes strong
steric hindrance, the anion must make a good fit to be able to
coordinate and extract Na™ and Cl~ ions. It appears that if the
alkyl chain of the anion contains eight carbon atoms, the
extraction efficiency increases significantly. No specific reason
can be found why the extraction efficiency is much lower if
the alkyl chain length of the anion only contains seven carbon
atoms. Perhaps this could be explained once more by the odd
number of carbon atoms. However, this should be further
investigated before definitive conclusions can be drawn.

Relating to Figure 3, the molar amounts of IL follow the
opposite trend compared to the number of carbonsin the anion.
Therefore, it can be said that the molar amount of IL does not
dictate the extraction efficiency either.

The water uptake by the ILs during NaCl extraction was a so
measured and can be found in Table 3. Figure 4 shows the water
uptake graphically as a function of the number of anionsin the
IL. The error bars are small, and they fall within the symbols
representing the data points. It is interesting to notice that only
asmall correlation can be found between the water uptake and
the length of the alkyl chains of the cation and anion. It is
expected that ILswith longer alkyl chains are more hydrophobic
and therefore show less water uptake. However this trend is
less pronounced than expected. The absence of a correlation
between the chain length of the alkyl group on the cation and
the water uptake has been previously observed in Hg' extraction
experiments in 1Ls.*’

It could aso be expected that a higher water uptake by the
IL results in a higher NaCl extraction efficiency because of
coordination considerations. The NaCl extracted to the IL can
also be extracted as a crystal coordinated by water which has
been taken up by the IL. However, Figure 5 depicts that the
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Figure 4. Mass fraction of water uptake, w0, by each IL as function of
the number of carbon-atoms in the anion, Cyon. The square points (M)
represent the results for triisobutylammonium-based ILs, and the triocty-
lammonium-based ILs are represented by the diamond points (4).
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Figure 5. NaCl extraction efficiency, », versus the mass fraction of water
uptake, wh,0. The square points (M) represent the results for triisobutylam-
monium-based ILs, and the trioctylammonium-based ILs are represented
by the diamond points (¢).

extraction efficiency does not show any trend with the water
uptake. Therefore, the coordination of the Na* and CI~ ion by
the IL does not dictate the extraction efficiency. For example,
the 0.101 g NaCl extracted/g NaCl start extraction efficiency
of triisobutylammonium octanoate cannot be fully explained by
awater uptake of only 0.014 gyae/0iL- This means that the NaCl
extraction efficiency of the IL has to be attributed to other
factors, such as the steric hindrance considerations described
in the previous paragraphs. It is important to address the fact
that in some cases the water uptake is sufficient for NaCl
coordination by water. A NaCl molecule can be coordinated
by up to six H,O molecules. Table 3 shows that the ratio
between the water uptake and the NaCl uptake by the IL varies
from (0.97 to 13.0). High ratios are generally observed when
the NaCl extraction efficiency islow. Lower ratios are however
observed with higher NaCl extraction efficiencies.

Conclusions

The extraction efficiencies of NaCl into a new type of
hydrophobic trialkylammonium a kanoate-based ILs were mea-
sured. Some correlation can be found between the IL structure
and the water uptake, but thisis not of significant value. There
is also not a one-to-one relationship between the water uptake
and the extraction efficiency. Furthermore, from these experi-
ments its seems that the coordination of the Na and CI~ ion
by the IL does not dictate the extraction efficiency. It appears
that steric hindrance considerations play the greatest role in
extracting NaCl from agueous phases by using ILs.
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