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ab s t r ac t
In our work, the transfer reactions of four cations (Na+, K+, Mg2+, Ca2+) and seven anions 
(Br−, NO HPO SO CO ClO NO3 4

2
4
2

3
2

4 2
− − − − −, , , , , ) across the micropipette supported water/1,2-dichloroethane 

(W/1,2-DCE) interface facilitated by propylene carbonate (PC) were investigated by cyclic voltam-
metry (CV) and differential pulse voltammetry (DPV) techniques. Well-defined voltammetric behav-
iors were obtained for all ions. The electrochemical data were used to determine the thermodynamic 
parameters (diffusion coefficient, standard Gibbs energy of transfer, stoichiometric ratio and the 
apparent association constant) of the facilitated ion transfer processes.

Keywords: �Solvation effect; Facilitated ion transfer (FIT); Aqeous complexation followed by transfer of 
the complex (ACT) mechanism; Propylene carbonate (PC); Micro and nano-liquid/liquid 
interface

1. Introduction

The widespread presence of ions in nature gives a big 
challenge to chemists worldwide. For instance, in nuclear 
waste streams and other groundwater contamination, 
the latter is often from detergents and agriculture-related 
processes, a variety of ions make their way into the environ-
ment [1–3]. Beside this, they play a basic role in many vital 
processes such as transport across cell membranes, homeo-
stasis and processes associated with changes of energy [4,5]. 
Some of these ions are nitrates, phosphates, sulfates, carbon-
ates, chloride, bromide, chlorate and metals ions. Therefore, 
more effective methods allowing rapid, selective, and inex-
pensive determination of ions in environment and industry 
are needed [4,6]. Many years ago, supramolecular chemistry 
was based mainly on the recognition and selective binding 
of cations [7,8]. In 1968, Park and Simmons synthesized the 

first anion receptor and few reports that use the liquid/liquid 
interface for studying hydrophilic anion transfer and their 
sensing applicability have been published [6,9–11]. However, 
this slow growth is probably due to the difficulties caused 
by the design of receptors capable of anion binding. Anions 
are larger than isoelectronic cations, which gives a lower 
charge to size ratio. This reduces the contribution of electro-
static interactions with the host [12,13]. Another challenge is 
the high solvation energy of anions, which means that the 
environment of complexation has a major impact on the pro-
cess of molecular recognition [9]. Hydrophilic anions gener-
ally possess a very highly negative standard Gibbs energy 
of transfer that are similar to each other, which also usually 
limits the potential window at the negative potential, and it is 
thus difficult to distinguish each anion transfer reaction [14].

Dietrich et al. [15] postulated that compounds capable of 
binding ions can be divided into several groups depending 
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on the type of ion interactions. Ligands (ionophores) may be 
presented in neutral form or charged form. Charged ligands 
bind substrate via electrostatic interactions, whereas neutral 
ligands form complex mainly through oxygen [16], sulfur 
[17], nitrogen [18] and hydrogen interaction [19].

Facilitated ion transfer (FIT) reactions are very import-
ant class of reactions which involve the transfer of ion 
and ligand between two immiscible liquid phase. Koryta 
became the father of FIT reaction since 1979 [20]; he 
reported the facilitated transfer of potassium and sodium 
ions from the aqueous phase by the dibenzo-18-crown-6 
polyether into the oil phase. Based on such publication, 
several researchers stipulated the thermodynamic and 
kinetic information, and explained the applications of 
FITs in modern analytical chemistry, medicine, technology, 
environmental protection, selective amperometric ion sen-
sors and in electro-assisted solvent extraction across liquid 
membranes [21–23].

The process of FIT occurs when an ion has relatively 
higher Gibbs energy of transfer at a liquid/liquid interface, 
and the ligand (ionophore) can be distributed on either side 
of the interface to decrease the Gibbs energy [24]. The trans-
fer wave of ion normally appears outside of the potential 
window. Thus, its transfer can be adjusted to be within the 
potential window. Various ionophores, such as crown ethers, 
antibiotics, and calixarenes, have been examined to assist 
ions transfer [1,18,25]. The physico-chemical properties of the 
ion-ligand complex (association constant, charge, diffusion 
coefficient, and stoichiometry of the formed complex) deter-
mine the nature of the mechanism of charge transfer process 
across the liquid/liquid interface [26]. It consequently follows 
that the complexation reaction may be located either in the 
aqueous phase or in the organic phase, and that the complex 
can be formed either before or after the transfer [27].

In 1993, Girault and his team [28] postulated four possi-
ble mechanisms for FIT reactions by referring on the distribu-
tion coefficient of the ligand.

•	 Aqueous complexation followed by transfer of the com-
plex (ACT)

•	 Transfer by interfacial complexation (TIC)
•	 Transfer by interfacial dissociation (TID)
•	 Transfer followed by organic phase complexation (TOC)

Among these four mechanisms, ACT is more interesting 
due to its special behavior whereby the ligand should be sol-
uble in both phases and the ion-ligand complex is formed in 
aqueous phase.

Alkalines and alkalines-earth metals associated with 
macrocycles are also widely studied due to their appli-
cation in analytical determination of these metals using 
potentiometric or amperometric (ion selective electrodes). 
As a consequence of the great variety of metals, ligands and 
experimental conditions used, diverse results have been 
obtained indicating that the transfer mechanisms can be of a 
different nature [26].

The first example of facilitated anion transfer (FAT) has 
been studied by Shioya [29] which is a hydrogen-binding ion-
ophore for facilitated sulfate transfer by polarography. Later 
on, several researchers started to study anions transfer across 
two immiscible liquid phases [1,10,30–32].

Basically, complexation reactions at liquid/liquid 
interfaces contribute much more in the study of biochemi-
cal systems such as transmembrane signaling and enzymatic 
reactions in biological membranes. They are also applied in 
many technological systems like solvent extraction, phase 
transfer catalysis, chemical sensors, energy storage and 
conversion and other fields [18,33].

In the study conducted by Nestor et al. [18,34], it was 
reported that PC can play a role of ligand to facilitate Li+ ion 
transfer across W/1,2-DCE interface and has been shown 
that this process follows ACT mechanism. However, no 
study has been reported regarding anions transfer facili-
tated by PC.

As electrochemical study on interface between two 
immiscible electrolytes solution (ITIES) developed, and most 
researches deal with the FIT across water/oil interface. The 
synthetic (crown ethers) and natural (valinomycin) ligands 
have been used as ionophore to assist the transfer of ions. The 
high cost, high toxicity and the sophistication of synthesis are 
main characteristic of these ligands, which limit their appli-
cation in solvent extraction, phase transfer catalysis, chemical 
sensors, and energy storage and conversion [9,35].

To solve such problems, PC with the chemical formula 
C4H6O3 which is slightly soluble in water and strongly solu-
ble in polar organic solvents can be used and play the same 
function as the existing ligands. In this research, we note 
that PC is used to facilitate the transfer of cations and anions 
between two immiscible phases and plays the role of selec-
tive agent to detect ions which are in the same system using 
cyclic and differential pulse voltammetry (DPV) techniques.

2. Materials and methods

All of the electrochemical measurements described in this 
work were performed at ambient temperature (23°C ± 2°C) in 
a Faraday cage. CV and DPV at the liquid/liquid interface 
were recorded with a CHI 760D electrochemical work station 
(CH Instruments Inc., USA).

An Ag/AgCl wire was inserted into the aqueous phase 
inside the micropipette as the aqueous reference electrode. 
An Ag/AgTPBCl wire was immersed in the outside organic 
phase as the organic reference electrode (refer to the support-
ing information, Fig. 1). The obtained electrochemical data 
were analyzed with Origin Pro v8 software (Origin Lab Co., 
Northampton, USA).

To obtain the electrochemical measurement, the used 
electrochemical cell for the transfer of ions facilitated by PC 
solvent can be represented as follows:

Cell 1

Ag AgTPBCl m mol L BTPPATPBCl + 1,2 DCE +
PC 2 m mol L TMACl y 

5 /  

|| ⁄ + mm mol L MCl C
6 m mol L,y = 1 m mol / L

PC/ |
/=

Cell 2

Ag AgTPBCl 5 m mol L BTPPATPBCl 1,2 DCE
PC 2 m mol L TMACl  m

/ +

+ +

 

|| ⁄   mol L NaZ Ag C
6 m mol L,y m mol L

PC/ | |
/ /= = 5
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Cell 3

Ag AgTPBCl m mol L BTPPATPBCl - CE
PC m mol L TMACly m 

5 1
2

/ ,
/

+ +2 D
 mmol L NaClO C
m mol L,y m mol L

4 PC/ |
/ /= =6 2

Cell 4

Ag|AgTPBCl|5 m mol/L BTPPATPBCl + 1, 2‐DCE + 
PC (V1,2‐DCE : VPC = X)‖2 m mol/L TMACl + 0.3 m mol/L 
MZ|Ag Cpc = 0.3, 0.9, 1.8, 3.6, 6 m mol/L Z and M represent 
(CO , Br , NO , NO , SO , HPO3

2
2 3 4

2
4
2− − − − − −  and Na+)

where‖represents the W/1,2-DCE interface, CPC is the 
concentration of PC in organic phase which is corresponding 
to PC:1,2-DCE volume ratio 1/99, 1/19, 1/9, 1/4, 1/3 in 
discussion part, y is the concentration of ions in water 
phase. BTPPATPBCl represents bis-(triphenylphosphora-
nylidene) ammonium chloride, and TPBCl represents 
trerakis-(4-chlorophenylborate).

3. Results and discussion

3.1. Study cyclic voltammetry (CV)

Firstly, CV was employed to characterize the transfer 
process of ions (Br−, NO HPO SO CO ClO NO3 4

2
4
2

3
2

4 2
− − − − −, , , , ,  anions 

and Na+, K+, Mg2+, Ca2+ cations) across the polarized micro-
W/1,2-DCE interface with an aqueous internal reference cat-
ion, tetramethylammonium (TMA+) ion.

From Fig. 1(A) and (B) and Fig. 2, waves connected with 
the transfer of ions from the aqueous phase to the DCE phase 
were observed in the presence of PC. The CV obtained using 
Cell 1 with M equal to metal ion is shown in Fig. 1(A) with an 
initial potential of –0.3 V, from which the potential was swept at 
a rate of 0.050 V/s in the forward direction towards more posi-
tive potentials until 0.6 V was reached. During this initial seg-
ment, the peak shaped waves were observed at 0.3 V and were 
attributed to M-PC complex transfer from water to DCE. From 
Fig. 1(B), we observed that the scan rate varies with peak current.

It can be observed that the anodic segment was a peak 
shape but the cathodic segment was sigmoidal. Actually, 

at the micropipette supported interface, the diffusion field 
is linear for ion transfer egress the micropipette but hemi-
spheric for ion transfer ingress the micropipette. Although 
PC is an organic solvent and totally miscible with 1,2-DCE, 
it has a little solubility in water with a molar ratio of 3.6% 
[36]. Ion complex with the PC molecules dissolved in aque-
ous phase and then transfers into the 1,2-DCE phase. This 
process is exactly the ACT mechanism, i.e., aqueous com-
plexation followed by interfacial transfer, suggested by Shao 
and Girault [37].

There is also another small peak appeared at 0.00 V which 
corresponds with the TMA+ ion introduces into the aqueous 
solution and the variation of scan rate has no influence on the 
current generated by TMA+.

Contrary to TIC, TID and TOC mechanisms, the ACT mech-
anism is the easiest when studying the transfer of ion across two 
immiscible phase, because the voltammetry resulting from such 
mechanism have the peak shape as the one obtained for the mac-
ro-ITIES [38]. The CV obtained using cell 2 is illustrated in Fig. 2, 
where Z corresponds to anion. In order to do so, a more nega-
tive potential was applied to the system and a peak shape wave 
was observed at 0.6 V during forward direction which indicates 
the transfer of Na-PC complex from Water to DCE. Another 
peak wave was observed in the reverse direction at more nega-
tive potential which indicates the transfer of Z-PC complex from 
Water to DCE. The high negative current obtained reflects to the 
transfer of anions from one phase to another. The small peak 
obtained about 0.2 V represents the TMA+ ion introduced into 
the aqueous phase, these peak is confirmed by the low positive 
current observed at 0.2 V.

This mechanism of anion transfer is confirmed based 
on information got from other literatures. As example, in 
2012, Stockmann at al. [39] investigated the transfer of both 
Cesium(Cs+) and Nitrate ( NO3

−  ions using CV. In their study, 
two peaks were observed correspond to Cs+ and NO3

−  ions.
Some information regarding ion transfer, like diffusion 

coefficient, stoichiometric ratio, association constant, half-
wave potential and the Gibbs transfer energy are evaluated 
based on their voltammetric responses. One of the conven-
tional methods to determine the thermodynamic properties 
of ion transfer occurring across a polarized liquid/liquid 
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Fig. 1. The cyclic voltammetry of ions transfer across water/1,2-DCE interface facilitated by PC with Cells 1. (A) Cations transfer, the 
concentration of M is 1 mmol/L; (B) CV of Mg2+ ion transfer at different scan rate.
Note: The volume ratio of 1,2-DCE over PC is 3:1, scan rate is 50 mV/s, and the diameter of micropipette is 8 µm.
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interface is the use of standard thermodynamic values of well 
characterized reference ions [40] such as TMA+. Therefore, the 
TMA+ ion was used as an internal reference in order to esti-
mate the half-wave potential and the Gibbs transfer energy 
values of hydrophilic ions in accordance with the TATB esti-
mation using the following expression [9].

∆ ∆ ∆ ∆/ / /O
W

I O
W

I O
W

TMA O
W

TMA
∅ = ∅ − ∅ − ∅+ +1 2 1 2 1 2

0
, , (exp) , (exp)

( )
'

	 (1)

where ∆O
W

TMA
∅ +

0'  is the formal potential and it is equal to 
160 mV at the W/1,2-DCE interface [41], ∆

/O
W

TMA
∅ +1 2, (exp)

 is the 
half wave potential of TMA+, ∆O

W
I∅1 2/ ,  is the half wave poten-

tial of ions transfer from water to the organic phase.
The energy needed to transfer ions from one phase to 

another is dependent on the difference between dehydration 
and resolvation energies and is related to the difference of elec-
trochemical potential applied to two adjacent phases when 
the ion transfer occurs. The difference between the Gibbs 
energies of hydration and solvation is effectively the work 
that is required transferring an ionic species, I, from the bulk 
aqueous phase (w) to the bulk organic phase (o). This Gibbs 
energy of transfer ∆O

W W OGtr,I
→  for the specified ion of interest is 

related to the energy potential of transfer φ0.

∆ ∆ /O
W

tr I
W O

I O
W

IG Z, ,
→ = ∅F 1 2 	 (2)

where Z and F are the number of ions transferred and the 
Faraday constant, ∆O

W W OGtr,I
→  is Gibbs transfer energy com-

monly used are related to ion transfer between mutually sat-
urated solvents (known as the Gibbs energy of partition).

We noted that Na+ and Mg2+ ions show the lower free 
energy of transfer in each group, and a stronger interaction 
with PC is expected for these cations. That is the relation-
ship between transfer potential and the association con-
stant. From Fig. 2(B), it was observed that the peak current 
increased up 1.8 nA for Mg2+ transfer when the scan rate 
changed from 10 mV/s to 100 mV/s. The similar electro-
chemical behaviors were observed for the other three ions 
as observed from Fig. 7 of supplementary information (SI).

The relationship between peak current and scan rate 
resulted the way to calculate the diffusion coefficient (refer 
to Eq. (1) SI) for all cations as indicated in Table 1. The values 
obtained are in the same order of magnitude with the values 
reported in ref. [18,34].

The more negative value of the Gibbs transfer energies 
for FAT indicates that a more negative applied potential is 
required so that the anions move from the aqueous to the 
organic phase or vice versa take place.
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Fig. 2. The cyclic voltammetry of anions transfer across water/1,2-DCE interface facilitated by PC with Cells 2, the concentration of 
Z is 5 mmol/L; the numbers 1, 2, 3, 4, 5, 6 indicate the CV of sulfate, perclorate, hydrogenphosphate, nitrate, carbonate and bromide 
anions respectively.
The volume ratio of 1,2-DCE over PC is 3:1, scan rate is 50 mV/s, and the diameter of micropipette is 8.

Table 1 
Thermodynamic data of cation transfer facilitated by PC

Cation ∆ ∅O
W

1 2 1/ , ∆ →
O
W

tr
W OG ,1

D1–PC

(V) (Kj/mol) cm2/s
Na+ 0.42 40.5 1.88 × 10–5

K+ 0.44 42.45 1.76 × 10–5

Ca2+ 0.472 91 1.42 × 10–5

Mg2+ 0.46 88.7 1.69 × 10–5

Average 1.68 × 10–5
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Based on Fig. 2, results showing that the negative val-
ues of the Gibbs transfer energies increase in this order: 
CO , Br , NO , NO , SO , HPO3

2
2 3 4

2
4
2− − − − − −  (Table 2) and they are in 

accordance with the lipophilicity sequences of anions in the 
Hofmeister series [42]. 

3.2. Investigation of the possibility of fabrication of ion sensors

Fig. 3 illustrates the transfer of both Na+ and ClO4
−  ions 

from water to 1,2-dichloroethane interface facilitated by pro-
pylene carbonate (PC). We observed the variation of peak cur-
rent for both ions (Na+ and ClO4

− ) as the scan rate increased. 
ACT mechanism was deduced based on the shape of voltam-
metry as CPC >> CI. This enabled us to determine the diffusion 
coefficient of anions as indicated in Table 2 and the values of 
diffusion coefficient obtained are in the same validation with 
the ones reported by Shao and his team [9]. It is important to 
note that the same process has been obtained for all other six 
anions by referring to the SI Fig. 8.

3.2.1. Cation

The main criterion which must be taken into account 
to make amperometric sensor is that the concentration of 
ligand in organic phase should be in excess to that of ions 
in the aqueous phase. To our case, the concentration of PC 

was greater than the concentration of Na+. The typical CV 
depicted in Fig. 4 was obtained. The volume of PC: DCE was 
in 1:3, 1:6, 1:9, 1:15 ratio and concentration of Na+ was 0.8 mM 
at the sweep rate of 0.050 V/s.

The diffusion coefficient of Na+ ion in the aqueous phase 
was calculated to be equal 1.8 × 10–5cm2/s, which is in good 
validation with the value reported in ref [18].

Using the half wave potential and log (CPC) relationship, the 
stoichiometric ratio has been evaluated and was equal to 1:3. 
Consequently, Na (PC)3

+  complex is formed in aqueous phase.
It is very difficult to study separation of cations based on 

half-wave potential using CV. Therefore, a more efficient tech-
nique to select ions even at low concentration is recommended. 
The DPV is used to select two or more ions which are present-
ing in the same environment. From Fig. 5, the selection of Na+ 
ion from its mixture with Mg2+ and K+ has been illustrated.

The detection of Na+ ion in the excess of Mg2+ and K+ ions 
is a challenging task using CV technique. An alternative tech-
nique DPV is used to increase the selectivity of Na+ ion trans-
fer over that of its cousins Mg2+ and K+ ions. From Fig. 5, the 
potential (0.56 mV, 0.76 mV and 1.16 mV) correspond to Na+, 
K+, Mg2+ ions were evaluated respectively. Here the TMA+ 
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Fig. 3. The cyclic voltammetry of Na+ and ClO4
− ions transfer 

across water/1,2-DCE interface facilitated by PC with Cell 3.
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Fig. 4. (a) The voltammetry of PC facilitated Na+ ion transfer 
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(black curve), 1/6 (red curve), 1/9 (blue curve), and 1/15 (green 
curve) at scanning rate of 0.05 V/s. (b) Logarithmic relationship 
between the half-wave potential and the molar concentration of 
PC in 1,2-DCE phase.

Table 2
Thermodynamic data of anion transfer facilitated by PC

Anion ∆ ∅O
W

1 2 1/ , ∆ →
O
W

tr
W OG ,1

DI–PC

(mV) (Kj/mol) cm2/s
Br– –261.6 –25.23 3.2 × 10–6

ClO4
− –130.4 –12.41 1.09 × 10–6

NO3
− –274 –28.7 1.19 × 10–6

CO SO HPO3
2

4
2

4
2− − −, , –325 –60.85 3.9 × 10–6

CO SO HPO3
2

4
2

4
2− − −, , –292 –36.2 1.57 × 10–6

CO SO HPO3
2

4
2

4
2− − −, , –298.7 –37.3 2.3 × 10–6

Average 2.2 × 10–6
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was also used as the internal reference cation for calibration 
and the peak corresponds with this ion is about 0.1 V. It can 
be seen that the selective sensitivity of PC for Na+ ion took 
place first compared with that of K+ and Mg2+ even if the con-
centrations of Mg2+ and K+ were over 3 orders of magnitude 
in excess. It is the indication of how PC can be used to make 
sodium ion sensor which does not interfere with Mg2+ and 
K+ ions. It was also highlighted that a more negative peak 
observed between Mg2+ and K+ ions illustrated a great sepa-
ration between these two ions even if they present the same 
concentration in the studied environment.

3.2.2. Anions

We were also interested in verifying the behavior of CV 
when the concentration of anions was kept constant (0.3 mM), 
the volume ratio of PC:DCE were varied in the range of 1/3, 
1/4, 1/9, 1/19, 1/99 relate to 25%, 20%, 10%, 5% and 1% per-
centages of PC in DCE. Fig. 6(a) shows the obtained CV at 
different PC:DCE volume ratio.
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(3 mM). Amplitude, pulse width, sample width, pulse period 
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As confirmed in refs. [24,34], the transfer potentials shift 
to lower values, when increasing the concentration of iono-
phore and maintaining the concentration of ion constant. In 
our study, it was observed that as the concentration of ion 
was constant and varies the PC:DCE volume ratio, the trans-
fer potentials values shifted to a low negative value and the 
best choice PC:DCE volume ratio for the next experiment 
(Fig. 7) was examined to be 1/99 which resulted the best peak 
wave voltammetry.

Fig. 6(a) illustrates clearly the FATs within the potential 
window when PC was used as a ligand (ionophore). This 
caused by the association constants between PC and anions 
are big enough to facilitate anion transfers to an observable 
potential within the potential window.

As noted in the publications by Shao et al. [9] and Sun 
et al. [43], a 1:1 complex between ligand and various anions is 
formed in organic phase under the ACT mechanism. In their 
studies, the concentration of anions was greater than the con-
centration of ligand. A linear relationship between the con-
centration of an anion and the half wave potential of the FAT 
was announced.

In our work, the concentration of anions was lower than 
the concentration of PC in DCE, and the different volume 
ration of DCE over PC (1/3, 1/4, 1/9, 1/19, 1/99) have been 
used to detect the transfer of anions. It is important to note 
that the anion-PC complex is formed in aqueous phase and 
this allow the use of Eq. (2) found in supporting informa-
tion to calculate the stoichiometric ratio and association 
constants.

The Plot of E versus log CPC gave rise to six linear rela-
tionships for the respective six anions (see Fig. 6(b)). From 
the slopes 0.06262, 0.06878, 0.04854, 0.052, 0.06845, 0.04908 
values were deduced for CO , Br , NO , NO , SO , HPO3

2
2 3 4

2
4
2− − − − − −  

anions respectively and are close to the values reported in 
ref. [9]. It was concluded that the 1:1 and 1:2 stoichiometric 
ratio between the anion and PC are formed for NO3

− , Br–, 
NO2

− , NO3
−  and CO SO HPO3

2
4
2

4
2− − −, , , respectively. This 

finding has also been investigated through the work carried 
out in ref. [44] for mono anion and no report shows the 1:2 
ratio between anion and PC has been published. This ratio 
is assumed to be true based on the charge of anions tested 
(CO SO HPO3

2
4
2

4
2− − −, , ).

From the intercepts, the association constants cor-
responding to the interaction between the anions and 
PC were calculated as 4.78, 5.77, 5.22, 4.69, 5.42, 4.3 for 
CO , Br , NO , NO , SO , HPO3

2
2 3 4

2
4
2− − − − − − respectively. These values 

are in good validation with the ones presented in previous 
reports [9,18].

DPV technique is not only limited for cations, it can also 
be used to study selective sensitivity of anions. Fig. 8 shows 
DPV of the selective transfer of ClO4

−  over NO3
− . Here the 

TMA+ was also used as the inner reference aqueous cation. 
The more negative potential deals with the nitrate anion and 
by observing their half wave potential, it can be concluded 
that the selective sensitivity of PC for ClO4

−  ion is higher than 
that of trigonal nitrate ion.

The last point was to investigate the selectivity of NO2
−  

in its mixture with Cl– ion. 25% of PC in DCE was used. As a 
result, there was a real separation potential of these two ions. 
One appeared at –0.1 mV which was attributed to Cl– ion, while 
another occurred at –0.225 mV corresponded to NO2

−  ion. Based 
on Fig. 9, a clear separation between peak currents of these two 
anions was marked; we observed that Cl– ion was not interfere 
with NO2

−  ion when they were in the same system. An addi-
tional peak observed at more negative potential around –0.5 V 
was attributed to the simple transfer of nitrite ion.
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4. Conclusion

In summary, we have demonstrated the FIT of seven 
anions, namely Br−, NO HPO SO CO ClO NO3 4

2
4
2

3
2

4 2
− − − − −, , , , ,  and 

four cations Na+, K+, Mg2+, Ca2+, by PC at a micro-W/1,2-DCE 
interface. We have also investigated for the first time that 
the dynamics of this process can be studied by micropi-
pette voltammetry. Such studies are expected to be useful in 
understanding the mechanism of ion transport at a polarized 
interface and for the design of yet-improved ion receptors 
and carriers. The application of DPV to the ITIES experiment 
was shown to be superior to the CV in detecting ion transfer. 
The application of ITIES to ion analysis and DPV to ITIES 
analysis is thus extended.

Acknowledgment

This paper was extracted from the MSc thesis and finan-
cially supported by Xiamen University, China. The authors 
thank the National Science Foundation of China (NSFC 
20973142, 21061120456, 21021002).

References
[1]	 Q. Qian, G.S. Wilson, K. Bowman-James, H.H. Girault, 

MicroITIES detection of nitrate by facilitated ion transfer, Anal. 
Chem., 73 (2001) 497–503.

[2]	 K. Kavallieratos, A. Danby, G.J. Van Berkel, M.A. Kelly, R.A. 
Sachleben, B.A. Moyer, K. Bowman-James, Enhancement of 
CsNO3 extraction in 1, 2-dichloroethane by tris (2-aminoethyl) 
amine triamide derivatives via a dual-host strategy, Anal. 
Chem., 72 (2000) 5258–5264.

[3]	 P.D. Beer, Transition-metal receptor systems for the selective 
recognition and sensing of anionic guest species, Acc. Chem. 
Res., 31 (1998) 71–80.

[4]	 E. Wagner-Wysiecka, N. Łukasik, Anion recognition by 
N, N′-diarylalkanediamides, Tetrahedron Lett., 53 (2012) 
6029–6034.

[5]	 J.L. Atwood, J.W. Steed, Supramolecular Chemistry, John Wiley 
& Sons, 2009.

[6]	 P.D. Beer, P.A. Gale, Anion recognition and sensing: the state 
of the art and future perspectives, Angew. Chem. Int. Ed. 
Engl., 40 (2001) 486–516.

[7]	 P.A. Gale, Structural and molecular recognition studies with 
acyclic anion receptors, Acc. Chem. Res., 39 (2006) 465–475.

[8]	 I. Stibor, E.V. Anslyn, Anion Sensing, Vol. 255, Springer Science 
& Business Media, 2005.

[9]	 R. Cui, Q. Li, D.E. Gross, X. Meng, B. Li, M. Marquez, R. Yang, 
J.L. Sessler, Y. Shao, Anion transfer at a micro-water/1, 2-dichlo-
roethane interface facilitated by β-octafluoro-meso-octamethyl-
calix [4] pyrrole, J. Amer. Chem. Soc., 130 (2008) 14364–14365.

[10]	 S. Nishizawa, T. Yokobori, T. Shioya, N. Teramae, Facilitated 
transfer of hydrophilic anions across the nitrobenzene-water 
interface by a hydrogen-bonding ionophore: applicability for 
multianalyte detection, Chem. Lett., 30 (2001) 1058–1059.

[11]	 H. Katano, Y. Murayama, H. Tatsumi, Voltammetric study of 
the transfer of fluoride ion at the nitrobenzene / water interface 
assisted by tetraphenylantimony, Anal. Sci., 20 (2004) 553–556.

[12]	 J. Yoon, S.K. Kim, N.J. Singh, K.S. Kim, Imidazolium recep-
tors for the recognition of anions, Chem. Soc. Rev., 35 (2006) 
355–360.

[13]	 P.A. Gale, Anion and ion-pair receptor chemistry: highlights 
from 2000 and 2001, Coord. Chem. Rev., 240 (2003) 191–221.

[14]	 P.A. Gale, From anion receptors to transporters, Acc. Chem. 
Res., 44 (2011) 216–226.

[15]	 B. Dietrich, M.W. Hosseini, J.M. Lehn, R.B. Sessions, Anion 
receptor molecules. Synthesis and anion-binding properties of 
polyammonium macrocycles, J. Amer. Chem. Soc., 103 (1981) 
1282–1283.

[16]	 J. Koryta, Electrochemical polarization phenomena at the inter-
face of two immiscible electrolyte solutions—III. Progress since 
1983, Electrochim. Acta, 33 (1988) 189–197.

[17]	 B.S. Creaven, D.F. Donlon, J. McGinley, Coordination chemistry 
of calix [4] arene derivatives with lower rim functionalisation 
and their applications, Coord. Chem. Rev., 253 (2009) 893–962.

[18]	 D. Zhan, Y. Yuan, Y. Xiao, B. Wu, Y. Shao, Alkali metal ions 
transfer across a water/1, 2-dichloroethane interface facilitated 
by a novel monoaza-B15C5 derivative, Electrochim. Acta, 47 
(2002) 4477–4483.

[19]	 V. Amendola, D. Esteban-Gómez, L. Fabbrizzi, M. Licchelli, 
What anions do to NH-containing receptors, Acc. Chem. Res., 
39 (2006) 343–353.

[20]	 J. Koryta, Electrochemical polarization phenomena at the inter-
face of two immiscible electrolyte solutions, Electrochim. Acta, 
24 (1979) 293–300.

[21]	 D. Homolka, L.Q. Hung, A. Hofmanova, M.W. Khalil, J. Koryta, 
V. Marecek, Z. Samec, S.K. Sen, P. Vanysek, Faradaic ion trans-
fer across the interface of two immiscible electrolyte solutions: 
chronopotentiometry and cyclic voltammetry, Anal. Chem., 
52 (1980) 1606–1610.

[22]	 A. Hofmanova, L.Q. Hung, W. Khalil, The transfer of alkali 
metal ions across the water-nitrobenzene interface facilitated 
by neutral macrocyclic ionophores, J. Electroanal. Chem. Interf. 
Electrochem., 135 (1982) 257–264.

[23]	 Z. Samec, V. Marec–ek, D. Homolka, The double layer at the 
interface between two immiscible electrolyte solutions: Part II. 
Structure of the water/nitrobenzene interface in the presence 
of 1: 1 and 2: 2 electrolytes, J. Electroanal. Chem. Interf. 
Electrochem., 187 (1985) 31–51.

[24]	 M. Durmaz, E. Zor, E. Kocabas, H. Bingol, E.G. Akgemci, 
Voltammetric characterization of selective potassium ion trans-
fer across micro-water/1, 2-dichloroethane interface facilitated 
by a novel calix [4] arene derivative, Electrochim. Acta, 56 (2011) 
5316–5321.

[25]	 R. Izatt, Synthetic Multidentate Macrocyclic Compounds, 
Elsevier, 2012.

[26]	 S. Dassie, L. Yudi, A. Baruzzi, Comparative analysis of the 
transfer of alkaline and alkaline-earth cations across the 
water/1, 2-dichloroethane interface, Electrochim. Acta, 40 (1995) 
2953–2959.

[27]	 S. Tan, H. Girault, Potassium transfer facilitated by monoaza-
18-crown-6 across the water—1, 2-dichloroethane interface, 
J. Electroanal. Chem., 332 (1992) 101–112.

[28]	 H. Girault, Charge Transfer across Liquid—Liquid Interfaces, 
Modern Aspects of Electrochemistry, Springer, 1993, pp. 1–62.

[29]	 T. Shioya, S. Nishizawa, N. Teramae, Anion recognition at the 
liquid-liquid interface. Sulfate transfer across the 1, 2-dichlo-
roethane-water interface facilitated by hydrogen-bonding ion-
ophores, J. Amer. Chem. Soc., 120 (1998) 11534–11535.

[30]	 W. Vielstich, Cyclic Voltammetry, Handbook of Fuel Cells, 2010.
[31]	 Y. Shao, S.G. Weber, Direct observation of chloride transfer 

across the water/organic interface and the transfer of long-chain 
dicarboxylates, J. Phys. Chem., 100 (1996) 14714–14720.

[32]	 S.H. Lee, H. Kim, H.H. Girault, H.J. Lee, Portable Amperometric 
perchlorate selective sensors with microhole array-water/
organic gel interfaces, Bull. Korean Chem. Soc., 34 (2013) 
2577–2582.

[33]	 M.M. Hossain, H.H. Girault, H.J. Lee, Voltammetric studies 
of anion transfer reactions across a microhole array-water/
PVC-NPOE gel interface, Bull. Korean Chem. Soc., 33 (2012) 
1734–1740.

[34]	 U. Nestor, H. Wen, G. Girma, Z. Mei, W. Fei, Y. Yang, C. Zhang, 
D. Zhan, Facilitated Li+ ion transfer across the water/1, 2-dichlo-
roethane interface by the solvation effect, Chem. Commun., 
50 (2013) 1015–1017.

[35]	 R.R. Hendrixson, M.P. Mack, R.A. Palmer, A. Ottolenghi, 
R.G. Ghirardelli, Oral toxicity of the cyclic polyethers—12-
crown-4, 15-crown-5, and 18-crown-6—in mice, Toxicol. Appl. 
Pharmacol., 44 (1978) 263–268.

[36]	 H. Matsuda, Y. Yamada, K. Kanamori, Y. Kudo, Y. Takeda, 
On the facilitation effect of neutral macrocyclic ligands on the 
ion transfer across the interface between aqueous and organic 

188 N. Uwitonze et al. / Desalination and Water Treatment 63 (2017) 181–192



189

solutions. I. Theoretical equation of ion-transfer-polarographic 
current-potential curves and its experimental verification, Bull. 
Chem. Soc. Japan, 64 (1991) 1497–1508.

[37]	 Y. Shao, M. Osborne, H. Girault, Assisted ion transfer at micro-
ITIES supported at the tip of micropipettes, J. Electroanal. 
Chem. Interf. Electrochem., 318 (1991) 101–109.

[38]	 F. Kaykal, E. Kocabas, H. Bingol, E.G. Akgemci, A. Coskun, 
Selective sodium ion transfer across a water/1, 2-dichloroethane 
micro-interface by a calix [4] arene derivative, J. Electroanal. 
Chem., 654 (2011) 96–101.

[39]	 T.J. Stockmann, A.-M. Montgomery, Z. Ding, Determination of 
alkali metal ion transfers at liquid/liquid interfaces stabilized by 
a micropipette, J. Electroanal. Chem., 684 (2012) 6–12.

[40]	 Z. Samec, E. Samcová, H.H. Girault, Ion amperometry at the 
interface between two immiscible electrolyte solutions in view 
of realizing the amperometric ion-selective electrode, Talanta, 
63 (2004) 21–32.

[41]	 Z. Samec, Electrochemistry at the interface between two immis-
cible electrolyte solutions (IUPAC Technical Report), Pure Appl. 
Chem., 76 (2004) 2147–2180.

[42]	 J. Wang, Analytical Electrochemistry, John Wiley & Sons, 2006.
[43]	 P. Sun, F.O. Laforge, M.V. Mirkin, Role of trace amounts of 

water in transfers of hydrophilic and hydrophobic ions to 
low-polarity organic solvents, J. Amer. Chem. Soc., 129 (2007) 
12410–12411.

[44]	 T.G. Levitskaia, M. Marquez, J.L. Sessler, J.A. Shriver, T. 
Vercoutera, B.A. Moyer, Fluorinated calixpyrroles: anion-bind-
ing extractants that reduce the Hofmeister bias, Chem. 
Commun., 9 (2003) 2248–2249.

N. Uwitonze et al. / Desalination and Water Treatment 63 (2017) 181–192



The high dielectric constant, high polarity, low toxicity 
and the ability to form complex with Lithium ion make many 
researchers to use propylene carbonate (PC) as the promis-
ing candidate. Due to its high relatively boiling point, it is 
combined with other polar organic solvents and water to 
form safe solvent system. The PC with the chemical formula 
C4H6O3 is slightly soluble in water and strongly soluble in 
polar organic solvents.

i n F A RT D C
z

p I(PC)
= × ( )− −

+0 4463 10 3 3 2 3 2 1 2 1 2 1 2. ν 	 (1)

where ip is the peak current, n is the number of transferred 
charge, F is the Faraday constant, DI(PC)z+ is the appar-
ent diffusion coefficient of I(PC)z

+ ion, a is the radius of 
micropipette orifice, C is the apparent concentration of 
I(PC)z

+ ion.
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O
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I-PC O
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I= , ∆ ∆ϕ ϕ1 2 1 2and  are the half-wave 
potential of I(PC)z

+ and ion transfer across water/1,2-DCE 
interface, βm

w  and βm
o  are association constant of I(PC)z

+ ion in 
each bulk phase, z is the stoichiometric number of I(PC)z

+ ion.
We can get the message from Fig. 5 of how the con-

centration of both nitrite and sodium ions varies with the 
current. Different concentration of sodium and nitrite 
ions have been used to check the change of current with 
concentration (0.01 Mm, 0.1 mM, 0.5 mM, 1 mM). We 
already know that the peak current increases as the con-
centration of limiting species increases, when CV tech-
nique is used.

The same story has been observed for the case of DPV 
method and this is more advantageous because it can be used 
even for very small quantity of species of interest. As the con-
centration of both ions increases (Na+, NO2

− ), the characteris-
tic peaks current also increased and the maximum value of 
current was almost equal to 1.8 nA for Na+ and 1.25 nA for 
NO2

−  which correspond to 1 mM.
As can be seen from Fig. 6, besides the facilitated 

transfer potential of Na+ obtained at 400 mV, the facili-
tated transfer potential of Ca2+ ion was observed at 530 mV 
under the same experimental conditions simultaneously. 

Supporting Information

Fig. 1. Schematic representation of voltammetric experiment 
at a nano-microscopic L/L interface supported at a tip of nano-
micropipette.

Fig. 2. Schematic diagram of facilitated ion transfer across 
water/1,2-DCE+PC interface.
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The facilitated transfer peak of Ca2+ ion was observed at a 
sufficiently different potential values compared to that of 
Na+. As a consequence, Ca2+ did not affect more the facil-
itated transfer peak of Na+ ion which was used herein for 

its amperometric analysis. This situation can provide the 
way to analyze the facilitated transfer of Na+ ion by PC in 
the presence of Ca2+ ion.
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