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Abstract : The ions electromigration of ionic liquids ( ILs) /aqueous solution binary system have attracted
increasingly attention in many fields. In this work, the effect of acidity-alkalinity, electrolyte concentra-
tion of electrode solutions and ILs with LiN( CF,SO0, ), on the migration of[ C,MIm] * ions was investi-
gated systematically by studying the concentration change of ions of ILs in the electrode solutions. Gener-
ally,the concentration of[ C;,MIm] * ions increased in cathode solution and decreased in anode solution
with increasing current,while the concentration of N ( CF,;SO, ), ions increased in anode solution and

decreased in cathode solution. When basic solution was used as electrode solution,the migration of [ Cq

MIm] *

ions was restrained markedly. LiN ( CF; S0, ), solution was used as electrode solution and the

dissolution of LiN( CF;S0,), in ILs could reduce the migration of[ C;,MIm] * ions effectively.
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1 Introduction

ILs,as a new eco-friendly solvent and efficient
reaction medium , has the performance advantages of
wide electrochemical window and lowvapor pressure
etc """, ILs doesn’t exist as single phase but mixing
system with aqueous solutions when it is used for or-
ganic acid separation from biological tissues'>' | lithi-
um recovery from seawater *’ | and interfacial electro-

chemical synthesis'*! | removal of pharmaceutical
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1 wastewater treatment and extraction of

pollutants
organic acid"®’ and so on. The interaction between
ILs and aqueous solutions plays an important role in
physicochemical properties and application perform-
ance of binary system. And the interaction can be af-
fected immensely by the external factors such as
light , temperature ,pH, CO, and so on.

As a typical external factor, electric field can
change the interfacial structures, properties and per-
formance of binary systems consisted of ILs and a-

queous solutions, in which increasing attention has
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been attracted nowadays. Herrera et al. applied ex-
ternal electric field to amino acid ionic liquids-water
mixtures. The hydrogen bonding networks were dis-
rupted and the system properties could be fine-tuned
with electric field"”. Zhao et al. found that the hy-
drogen bond network could be destroyed when exter-
nal electric field reached a critical value and the dif-
fusion coefficient of uncharged solute in the direction
of electric field was greatly enhanced®’. Merlet et
al. observed that small voltages induced changing of
the orientation of the anisotropic cations which dif-
fered on the two electrodes. The structural transition
was associated with a large change in the charge dis-
tribution across the interfacial region of the electro-
lyte'”’. Sha et al. """ demonstrated that hydrophobic
ILs can be strikingly tuned to hydrophilic under a
strong external electric field. With the increase of e-
lectric field strength,the cation-anion and waste wa-
ter interactions are both attenuated while the ion-wa-
ter interactions are augmented. This made the water
molecules solvate the ILs easily. The cations and ani-
ons gradually evolved from an ILs interface to a wa-
ter medium, leading to surprisingly hydrophilicity
with high inter-solvent mixing. Li et al. carried out
protein partitioning in ILs-aqueous solutions system.
A low-voltage alternating current electric field could
shorten the phase splitting time of ILs and aqueous

") T. Hoshino et al. separa-

solutions by 2 ~3 times
ted lithium isotope with PP, [ TFSI]ILs/aqueous so-
lutions and found that the loss ratio of ILs after 5 h
reached 37% ""*'. The ILs loss was restrained after a
cation exchange membrane or nafion324 overcoat
was used to cover the ILs impregnated membranes,
but the migration of ions from ILs to aqueous solution
still existed . Obviously, the ions of ILs migrated
into aqueous solutions inevitably, which caused re-
markable loss of ILs bulk. It was an unfavourable
factor on the above-mentioned application and the
dissolution of ILs into the aqueous solutions meant
environmental risk while it didn’t get enough atten-
tion. The quantitative data of ionic migration from ILs

to aqueous solutions was still scarce.

For understanding the process and regularity of
ionic migration of ILs in hydrophobic ILs/aqueous
solution binary system under an electric field and
suppressing the negative effect, the experiment was
designed and the setup was fabricated. The ionic
electromigration of [ C4MIm ] [ TFSI ] from ILs bulk to
aqueous solutions under different conditions was in-
vestigated. The regularities of ionic electromigration
were discussed. It was beneficial to better utilization
of binary system of ILs and aqueous solutions and re-
duce the consumption of ILs and environmental

risks.

2 Experimental

2.1 Chemicals

ILs, 1-hexyl-3-methylimidazolium bis ( triflu-
oromethanesulfonyl ) imide ([ C;, MIm ] [ TFSI ] ) was
purchased from Linzhou Keneng material technology
Co. , Lid ( Linzhou, China ). While other chemicals
were analytical grade and purchased from Shanghai
Aladdin bio-chemical technology Co. , Ltd ( Shang-
hai, China ). All the chemicals were used as re-

ceived.
2.2 Experimental conditions

As seen in Figure 1, the glass U-tube ( cross-
sectional area is 0. 80 c¢m’) was used as electropho-
resis cell and the platinum wires were used as elec-
trode with a diameter of 1 mm. The ILs and aqueous
solutions were placed in the bottom and the upper
section of U-tube respectively according to the densi-
ty difference from ILs and aqueous solutions. 4. 0 mL
ILs was first injected into the U-tube,and then 8.0
ml cathode solutions and 8.0 mlL anode solutions
(LiOH,HCI, LiCl or LiN( CF,80, ), solution ) were
fed into different branches of U-tube meanwhile. The
injecting operation should be careful to avoid violent
mixing between ILs and aqueous solutions. Similarly ,
the sampling operation should also be careful to

avoid disturbing the interface of ILs and aqueous so-
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lutions. All the experiments were carried out at room
temperature. The electric field was supplied by a DC
power( DH1766 — 1, Beijing Dahua radio instrument
Co. ,Ltd, China).

2.3 Samples analysis

Fourier transformation infrared ( FT-IR ) spectra
of samples were recorded by a FT-IR spectrometer
( Nicolet Nexus 670, Thermo Nicolet Corporation,
USA) and scanned from 4 000 ¢cm ™' to 500 cm ™'
using KBr pellets

RPP - 5000S sulphur Analyzer ( Taizhouzhong-

huan analysis instrument Co. , Ltd, Jiangsu, China )
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Fig. 1 The schematic diagram of experimental setup

3 Results and discussion

3.1 Effect of acidity-alkalinity of electrode so-

lutions

For confirming the effect of acidity-alkalinity of
electrode solutions on the migration of[ C,MIm ] * i-
ons under electric field,a series of experiments were
designed and carried out. The conditions and results
were displayed in Table 1.

According to table 1, the following conclusions
can be reached. Firstly, the immigrant concentration
of [ C4MIm ] * ions in cathode solutions is higher than

that in anode solutions under the similar experiments

was used to test sulphur contents of samples. Accord-
ing to the sulphur contents,the concentration of ani-
ons was determined. UV-Vis spectrophotometer ( UV
—2600,Shimadzu , Japan ) was used to test the con-
centration of cations. C;,MIm ] * ions was tested in its
maximum absorption wavelength 211. 500 ¢cm ™. And
the absorbance-concentration standard curve of [ C
MIm ] *
lished as shown in Figure 2. The value of the ABS
(absorbance ) was kept between 0.2 and 0. 8 by the

ions aqueous solutions was initially estab-

proper dilution to reduce relative error.

0.7

0.5

ABS

0.4+

0.3+

0.08 0.10 0.12 0.14 0.16

[C,MIm]* ions concentration/mmol.L*

Fig. 2 Standard curve of UV-Vis absorbance-cation

concentration of aqueous solutions

(experiments 1 —4) , which is attributed to oriented
electromigration of charged cations to cathode solu-
tions. Secondly, the LiOH solution can restrain the
electromigration of[ C,MIm ] * ions to electrode solu-
tions , especially the LiOH solution used as cathode
solution ( experiments 1 —4 ). Thirdly, the immigrant
concentration of[ C,MIm ] * ions in both HCI solution
and LiOH solution are similar when the electric field
is replaced by oscillation or standing ( experiments
5 —8) ,which is atiributed to ionic diffusion through
the interface of ILs and aqueous solutions. So it can
be concluded that the difference of immigrant con-
centration of [ C, MIm ] © ions of HCI solution and
LiOH solution ( experiments 1 —4 ) has nothing to do

with ionic diffusion.
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Table 1 The migration of[ C;MIm] * ions in different electrode solutions from[ CiMIm ] [ TFSI]
Solute
Experiment External Field Electrode C o)/ (mmol/L) Time/h
/(0.05 mol/L)

Cathode HCl 7.11 0.5
1 SmA current

Anode HCI 2.18 0.5

Cathode LiOH 2.56 0.5
2 SmA current

Anode LiOH 1.14 0.5

Cathode HCI 7.76 0.5
3 SmA current

Anode LiOH 1. 19 0.5

Cathode LiOH 2.59 0.5
4 SmA current

Anode HCI 1.50 0.5
5 oscillation - HCI 5.90 0.5
6 oscillation - LiOH 6.37 0.5
7 standing - HCl 2.17 0.5
8 standing - LiOH 1.95 0.5

C. comim) Tepresents the concentration of[ CsMIm] ¥ ions in the aqueous solutions

Here, the FTIR spectra of original ILs and ILs
after different experiments are shown in Figure 3.
The meaning of the curves are as following: a; origi-
nal[ C,MIm ] [ TFSI ] ; b experiment 5,0. 05 mol/L
HCI solution, shocked for 0.5 h; c¢: experiment 6,
0. 05 mol/L LiOH solution, shocked for 0.5 h;d:5
mA current,0. 05 mol/L. HCI solution in both elec-
trode ,24 h;e:5 mA current,0. 05 mol/L HCI solu-
tion in anode and 0.05 mol/L LiOH solution in
cathode ,24 h;f:5 mA current,0. 05 mol/L HCI so-
lution in cathode and 0. 05 mol/L LiOH solution in
anode ,24 h;g.5 mA current,0. 05 mol/L LiOH so-
lution in both electrode,24 h. For making the struc-
tural variation of ILs more visibility, the electric field
was prolonged to 24 h from 0.5 h comparing to ex-
periments 1 —4 in Table 1. It is observed that the
structures of ILs remain stable when the HCI solu-
tions were used ( shown as Figure 3a,3b and 3d).
Two peaks at 1 621.94 ecm ™" and 3 417.30 cm ™'
appear in Figure 3¢,3e,3f and 3g which indicate the
variation of [ C; MIm | [ TFSI ] structures when the

LiOH solutions are used. No matter LiOH solution

was in anode or cathode, the structural variation of
ILs always exists. Peaks at 1 621.94 em™' and
3 417.30 em ™' can be attributed to stretching vibra-
tion of O-H bonds and imidazole ring respectively,
which shows the existence of O-H bonds and varia-
tion of groups connecting with imidazole ring. Here it
should be pointed out that the shape of peak at
3 417.30 em " 'is not sharp but broad, which illus-
trates that the vibration doesn’ t corresponds to not
free hydroxide ions but covalent hydroxyls. And the
possibility of vibration of O-H bonds from water mol-
ecules is excluded for not finding peaks at 1 621. 94
em ™' and 3 417.30 ¢m 'in Figure 3b and 3d even
that immigrant concentration of [ C;, MIm | * ions in
both HCI solution and LiOH solution are similar un-
der oscillation or standing. So it can be inferred that
the OH™ ions from LiOH solutions combine with
[C¢MIm] ¥ ions to form “neutral” C,MImOH ( Other
ILs perhaps) and results in the appearance of both
new peaks. And a large amount of “neutral” C;MI-

mOH is formed at the interface of ILs/LiOH solu-
tions and dissolved back into ILs due to its hydro-
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phobicity and density greater than aqueous solution
when LiOH solutions are used as cathode solutions.
The immobility and back-dissolution of “neutral” Cj

MImOH in ILs bulk under electric field makes the

immigrant concentration of[ C,MIm | * ions in cath-
ode solutions reduce significantly ( Seen in experi-

ment 2 and 4, Figure 3e and 3g).
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Fig. 3 FTIR spectra for[ C4MIm | [ TFST ]

3.2 Effect of electrolyte concentration of aque-

ous solutions

A constant voltage of 20 V and LiCl electrolyte
solution of 5.0 x107™*,5.0 x10™°,5.0 x107>,5.0
x107",5.0 and 10. 0 mol/L were used respectively
to investigate the influence of concentration of elec-
trolyte solution. ILs is[ C,MIm | [ TFSI ]and the reac-
tion time is 30 minutes. The concentration of [ Cj
MIm] * ions in cathode and anode solution with dif-
ferent concentration of LiCl electrolyte as electrode
solution is shown in Figure 4.

As the electrolyte concentration increases, con-
centration of [ C, MIm ] * ions increases in cathode
solution but decreases in anode solution seen as in
Figure 4. The increasing concentration of electrolyte
in aqueous solution causes the resistance of the sys-
tem decrease and the current to increase when the
voltage remains unchanged. The increased current
requires more ions migration of ILs for charge trans-

fer. The driving forces of ionic migration of ILs can

be divided into two main types : electro-migration and
diffusion. Immigrant concentration of[ C,MIm | * ions
increases in cathode solution when the direction of i-
onic diffusion and electro-migration is identical. Im-
migrant concentration of [ C; MIm ] * ions decreases
in anode solution when the direction of ionic diffu-

sion and electro-migration is opposite.

15
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T —a—[C MIm]*in cathode solution
= —e—[C,MIm]*in anode solution F12

E 244 lin
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Fig. 4 The effect of concentration of LiCl in aqueous solu-
tions on immigrant concentration of[ C;MIm] ¥ ions in elec-

trode solution
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The increase of sampling current and [ Cj
MIm | © ions concentration in cathode solution is
consistent with the increase of concentration of LiCl
electrode solution when the voltage remains un-
changed , shown in Figure 4. The increase of electro-
lyte concentration means the decrease of resistance
and the increase of current of the total ILs-aqueous
solution system. It can be inferred that the voltage on
ILs increases with the increase of concentration of
LiCl electrode solution. Here, the synchronized in-
crease of sampling current and[ C,MIm ] * ions con-
centration in cathode solution maybe means that the

conductive nature of ILs is the oriented migration of

[CsMIm] * and N(CF,S0,), " ions.
3.3 Effect of electrolytes of aqueous solutions

Two electrolyte ; LiCI( 0. 05 mol/L) solution and
LiN( CF,S0,), (0. 05 mol/L) solution were used to
study the effect of different electrolyte solution on the
migration of [ C;MIm ] ¥ ions from ILs into aqueous
solution under an electric field. Currents of 1. 0 mA
2.0 mA,3.0 mA,4.0 mA,and 5.0 mA were used
respectively. The reaction time was 30 minutes. The
results are shown in Figure 5.

When LiCl solution was used, the immigrant
concentration of[ C,MIm ] * ions in cathode solution
increased and that in anode solution decreased with
increasing current( Seen in Figure 5 in LiCl electro-

lyte). It is easily to understand the migrating varia-
6

—a—LiCl electrolyte in cathode
- —o—LIN(CF,S0,),electrolyte in cathode
jo. —4—LiCl electrolyte in anode
E —v—LIN(CF,S0,),electrolyte in anode
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E@
=
B
£2-
g
=
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=
3
[}
0 e I S T
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Current/mA

Fig. 5 Effect of different electrolytes on immigrant

+

concentration of[ C;MIm] * ions in electrode solution

tion of [ C,MIm ] * ions with electromigration effect
and diffusion effect.

When LiN ( CF, S0, ), solution was used as e-
lectrode solution, the immigrant concentration of [ Cg
MIm ] *
markedly compared to that of LiCl solution ( Seen in
Figure 5 LiN ( CF, S0, ), electrolyte). And the in-

crease margin of immigrant concentration of [ Cg

ions into the electrode solution decreased

MIm] * ions into the cathode solution is apparently
easy to understand. In LiN( CF;S0, ), solution anode
solution , the variation trend of immigrant concentra-
tion of[ C,MIm ] * ions was opposite to that of LiCl
anode solution. For understanding this phenomenon
better, the third force influencing ionic migration:
back-dissolution is introduced. Back-dissolution
means that the[ C,MIm ] ¥ ions migrated into elec-
trode solutions by diffusion and electromigration re-
dissolved into ILs after it reacts with OH™ ions or N
(CF;80,)," ions to form hydrophobic “neutral”
molecules or neutral ionic pairs, which can refer to
the preparation process of ILs'"*'. Obviously, back-
dissolution would make the immigrant concentration
of[ C,MIm ] * ions in the electrode solutions reduce.
So in LiN ( CF,; SO, ), solution anode solution, the
variation trend of immigrant concentration of [ C
MIm ] ¥ ions was opposite to that of LiCl anode solu-
tion, which could be thought that strong back-disso-
lution was responsible for the strange phenomena.
For LiCl solution or acidized “LiCl solution” after e-
lectric field was applied for a period of time, there
was no back-dissolution basically at the interface of
ILs/ anode solution. While there always existed stron-
ger back-dissolution at the interface of ILs and anode
solution or cathode solution for LiN( CF;SO0, ), solu-
tion due to the formation of neutral ion pairs with[ C,
MIm] * ions and N( CF,S0,), ions'"*'. With the
increasing current, the increasing electromigration
effect made the[ C;MIm] * ions migrate to anode so-
lution would decrease. But, on the one hand, the
back-dissolution of[ C,MIm ] * ions formed[ C;MIm ]
[ TFSI ] from anode solution to ILs was always existed

with increasing current because the concentration of
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N(CF,S0,), " ions in anode aqueous solution would
not decrease. On the other hand, as the anode elec-
trode reaction continued, the aqueous solution will
became more and more acidic, which resulted in the
concentration of [ C,MIm ] © ions increased as fore-
said in 3. 1 part. So the back-dissolution and acidifi-
cation of anode aqueous solution made the immigrant
concentration of[ C,MIm ] * ions increase in the an-
ode solution with increasing current.

It can be concluded that When LiN( CF,S0, ),
solution is used as electrode solution, the solution

loss of 1Ls( [ C;MIm ][ TFSI] ) can be reduced under

electric filed.

3.4 The effect of LiN ( CF,S0, ), dissolved in
ILs

Following experiments were designed in order to
investigate the effect of LiN( CF;S0, ), dissolved in
ILs on the migration of [ C,MIm] " ions from ILs to
electrode solutions. LiN( CF,S0, ), was dissolved in-
to ILs to form and 0. 1 mol/L solutions. 0. 05 mol/L
LiCl solution was used as electrode solution. Currents
of 1.0 mA,2.0 mA,3.0 mA,4.0 mA,and 5.0 mA
were used respectively. Reaction time was 30 mi-
nutes. The results are shown in Figure 6.

Obviously, the immigrant concentration of [ Cg
MIm ] * ions increased in cathode solution and de-
creased in anode solution with increasing current
with or without LiN( CF;SO0, ), in ILs. The change of
immigrant concentration of [ C; MIm | © ions was
mainly depended on the current. Compared with ILs
without LiN( CF;SO0, ), ,the immigrant concentration
of [ C4MIm ] © ions in cathode solutions decreased
while LiN ( CF, SO, ), was dissolved in ILs under
same current. It indicated that the Li* ions in ILs
undertook the part of charge transfer replaced [ Cg
MIm ] * ions and there existed competition migration
between[ C;MIm ] * ions and Li" ions. It is believed
that the introduction of metal ions in ILs is an effec-
tive routine of reduction of the consumption of ILs

under electric field.

| —=—ILs without LiN(CF,SO,),in cathode
—@—ILs with LiN(CF,S0,), in cathode

| ~*ILswith LiN(CF,SO,),in anode
—¥—ILs without LiN(CF,S0,),in anod

W
Il

a~
1

Concentration of [CMIm]*/mmol.L
v

—
1

0 T T T T T
3
Current/mA

Fig. 6 Effect of ILs with or without LiN( CF;S0, ), on im-
migrant concentration of [ C;MIm] * ions in electrode solu-

tion
3.5 Effect of voltage

The different voltage of 5,10,15,20 and 30 V
with LiCl electrolyte solution of 0.05 mol/L was
used respectively to study the influence of different
voltage on the migration of negative ions of ILs. The
results are shown in Figure 7. The immigrant concen-
tration of N(CF;S0,), " ions increases in anode so-
lution and decreases in cathode solution with the in-
creasing voltage , which is similar to[ C;MIm ] * ions
increases in cathode solution and decreases in anode
solution with the increasing voltage. The immigrant
concentration of [ C,MIm ] * ions increases with the
increasing voltage more than the immigrant concen-
tration of N(CF,S0,), "~

other anion takes part in the charge transfer.

ions ,which may be because

It is easily to draw a conclusion thatthe anions
and cations of ILs will migrate to the anode solution

and cathode solution respectively under electric

field.

4 Conclusions

Here , the effects of acidity-alkalinity, electrolyte
concentration of electrode solutions and ILs with or

without LiN ( CF, SO, ), on the migration of [ C,

MIm | * ions was investigated and discussed.
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1) When basic solution was used as cathode so-

lution , the migration of[ C;,MIm ] * ions was restrain-

ed markedly. The formation and back-dissolution of

“neutral” C¢ MImOH molecules was responsible for

this result.

15 S
—®—[C MIm]* ions in cathode solution
| —@—(CF,S0,),ions in anode solutiom
12 —4A—[CMIm]* ions in anode solution
—'.J. | —v¥—(CF,S0,),ions in cathode solutiom
A
R
E
g 61
=)
g
S
3 4
T * :!\‘v‘
0 T T T T T T
5 10 15 20 25 30
Voltage/V

Fig. 7 The effect of voltage on immigrant concentration of

ILs ions in electrode solution

2) Back-dissolution was a factor that cannot be
ignored for migration of[ C;MIm] " ions from ILs to
electrode solution when LiN( CF,S0, ), solution was
used as electrode solution. And what LiN( CF,S0, ),
solution is used as electrode solution is a way to re-
duce the solution loss of ILs under electric filed.

3) The dissolution of LiN( CF,S0,), in ILs can
reduce the migration of [ C,MIm ] ™ ions effectively
under electric field.

The results were helpful to better understand
the migrating law of ILs cations in ILs/aqueous solu-
tions binary system and presented guideline for ap-

plication of such systems under electric field.
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