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Abstract:  

Ion transfer at micro-interfaces formed between two immiscible electrolyte solutions (µITIES) is a 

powerful platform for the detection of charged species. Ametryn is used as a model target analyte to 

investigate the detection at µITIES of lipophilic and ionisable herbicides derived from triazine. A two-

step detection method is proposed, which is taking advantage of the spontaneous partition of triazine 

derivatives at open-circuit potential, and of their ability to assist proton transfer across the interface. 

First, the neutral form of ametryn is accumulated in a small volume of organic phase (Vorg = 50 µL) at 

open-circuit potential, which leads to its preconcentration (Vaq >> Vorg). In a second step, AC 

voltammetry was run to allow the limit of detection to reach sub-micromolar levels of ametryn in 3 

river samples. Phosphate buffer was added to the real samples to provide a constant supply of proton 

for ametryn detection. The excess of buffer ensured that the analytical response was proportional to 

the ametryn concentration.  
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1. Introduction 

The improvement of sensitivity and the lowering of detection limits at the interface between two 

immiscible electrolyte solutions (ITIES) are a constant drive for the development of new 

accumulation and preconcentration procedures. Stripping voltammetry at the ITIES has taken 

advantage through the preconcentration of ions close to the interface during the accumulation 

period [1,2]. It is achieved by the application of a potential difference across the interface and with 

the help of an ionophore [3,4] or of the organic electrolyte anion [5–9], which lower the Gibbs free 

energy of transfer to allow ion transfer within the potential window available. Stripping 

voltammetric detection at the ITIES was reported for choline [10], oligopeptides [3], food additives 

[4], protein digests [9], and proteins such as hen-egg-white-lysozyme [5], insulin [6], amylin [7], and 

haemoglobin [8]. Stripping voltammetric methods at the ITIES can be accompanied with the 

miniaturisation of the ITIES down to the micro- and to the nanoscale to benefit from the improved 

mass transfer due to radial diffusion and to the reduced iR drop and capacitive current [11–14]. 

However, such an accumulation method is not suited for non-charged species present in 

environmental samples, such as many pesticides. We propose here a method for the accumulation 

and the detection of neutral lipophilic molecules at the ITIES, using ametryn as a model molecule. 

Ametryn (AME) is a selective herbicide of the triazine family used in fruits and vegetables farming, 

which does not degrade easily and can accumulate in soil and in natural waters [15,16]. Because of 

its relatively high solubility in water (209 mg L-1 at 25 °C), residues of ametryn are found in rivers 

causing concern for drinking water. Triazine detection and quantification can be achieved by high 

performance liquid chromatography [17–19], surface-enhanced Raman spectroscopy [20] and by 

electrochemical methods [21–32]. Triazine molecules are reduced at mercury [22,25,26], carbon 

[29–32] and gold [23] electrodes, or oxidised at gold electrodes [24,27,28]. Reduction of ametryn is 

occurring at a potential of -1.0 V [22], overlapping with the reduction of dissolved oxygen, and thus 

requiring the purging with nitrogen to avoid interferences from oxygen. Electrochemical detection 

of triazine is also possible at the ITIES by ion transfer voltammetry [33–35]. Such an electrochemical 

mechanism does not involve electron transfer and is not hindered by the presence of dissolved 

oxygen. However, species need to be in an ionic form to be detectable at the ITIES. Triazines are 

lipophilic weak bases, which require very acidic conditions (pH < 2) to be fully protonated.  

We report here a protocol for the accumulation and detection of lipophilic molecules at a single 

µITIES supported by a glass capillary, using AME as a model target analyte (pKa = 4.1, log P = 2.63 

[36]). This protocol could be generalised to molecules with the following properties: they should (i) 

be lipophilic (log P >> 0), and (ii) and they should be neutral around pH 7 (pKa < 7) and susceptible 

to be protonated. The protocol is based on the accumulation of AME from a solution close to neutral 
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pH into an organic phase through spontaneous transfer at open-circuit potential. For the second 

step, the capillary containing the organic phase is transferred to a mildly acidic (pH 3) AME-free 

solution for a voltammetric detection through proton transfer assisted by AME. The presence of 

neutral molecules dissolved in the organic phase can indeed facilitate the transfer of proton across 

the interface by lowering the Gibbs free energy of transfer [37–45].  

We propose here to use the proton transfer, assisted by the AME preconcentrated in the organic 

phase, as the analytical signal, allowing the accumulation and detection neutral species by 

electrochemistry at the ITIES.  

2. Experimental Section 

Chemicals & Reagents: The organic phase electrolyte was 1,2-dichloroethane (1,2-DCE, 99% Sigma-

Aldrich) containing 10 mM Bis (triphenylphosphoranylidene) ammonium tetrakis (4-

chlorophenylborate) (BA+TPBCl−). The organic salt was prepared by metathesis of Bis 

(triphenylphosphoranylidene) ammonium chloride (BA+Cl−, 97% Aldrich) and potassium tetrakis (4-

chlorophenylborate) (K+TPBCl−, 98% Fluka). All aqueous solutions were prepared in purified water 

(resistivity of 18.2 MΩ cm). For pH adjustment, solutions of HCl or NaOH were used. Sodium 

chloride (NaCl, 99% Aldrich) was used as the aqueous phase electrolyte. Ametryn (AME, 99%) was 

obtained from Sigma-Aldrich and used without further purification. Stock solutions of 2 mM AME 

in ethanol were prepared and stored in the dark at 4°C. 50 mM tetramethylammonium chloride 

(TMA+Cl-, 98% Aldrich) was prepared in water to characterise the size of single pore capillary. 50 

mM tetrabutylammonium chloride (TBA+Cl-, 97% Aldrich) was also prepared in water and was used 

to calibrate the half-wave Galvani potential of AME. Real samples were spring waters collected in 

the watershed of the Strengbach River (Vosges, France). They were stored at 4°C and filtered using 

0.22 µm filter from Millipore before electrochemical and ion chromatography experiments. 

Electrochemical analyses were performed in these samples spiked with ametryn at selected 

concentrations. 

Preparation of capillaries: µITIES is established by pulling borosilicate glass capillaries, (inner 

diameter = 0.86 mm and outer diameter was 1.5 mm) according to the fabrication protocol 

described by Stockmann et al [46]. Briefly, a home-made vertical capillary puller was used to seal 

through heating the capillary, which contained a gold wire (Ø = 50 µm). The capillary was split into 

two pieces, each contained a piece of the sealed gold wire. The capillary was then placed in an aqua 

regia solution of 3:1 HCl (36.5-38.0 %, Aldrich): HNO3 (70 %, Aldrich), which dissolved the gold wire 

leaving a microchannel of uniform diameter. After rinsing thoroughly with water, the µITIES tip was 

polished with sandpaper (granulation: 4000). The inside walls of the capillary were silanized with 
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chlorotrimethylsilane (98%, Aldrich) prior cyclic voltammetry experiments to prevent the leakage 

of the organic phase. 

Electrochemical Measurements: Cyclic voltammetry (CV) was performed with a potentiostat 

(302N) controlled by NOVA software (Version 1.11) from Autolab (Netherlands). All the 

measurements were done in customary set-up for ion transfer voltammetry with a silver wire 

serving as both a pseudo-reference electrode and a counter electrode for the organic phase. For 

the aqueous phase, a platinum mesh was used as a counter electrode, a silver-silver chloride wire 

(Ag | AgCl) as a reference electrode. All measurements were carried out at room temperature 

(25°C). The potential scale was calibrated with the ion transfer of TBA+, whose formal transfer 

potential at the aqueous – DCE interface was established at ∆𝑜
𝑤𝜙𝑇𝐵𝐴+

0 =  −0.270 V (∆𝐺𝑇𝐵𝐴+
0 =

 −26 𝑘𝐽 𝑚𝑜𝑙−1) [47]. 

AC voltammetry experiments were measured with an Autolab PGSTAT302N (Metrohm), equipped 

with a FRA32 frequency response analyzer, connected to the electrochemical cell. The potentiostat 

was controlled by NOVA 2.1.4 software. The frequency selected was 1 Hz, the amplitude was 10 

mV, and the step potential was 10 mV. We assumed that the electrochemical cell behaves as a 

Randles circuit. The analytical signal, Y, used to plot the AC voltammograms was determined by 

equation (1), as it was described previously [48]:  

𝑌 = −
106

𝜔𝑍𝐼𝑚𝐴
− 𝐶𝑑      (1) 

where  is the angular frequency (rad s-1), ZIm is the imaginary part of the impedance (), A is the 

surface area of the interface (A = 1.96 × 10-5 cm2) and Cd is the double layer capacitance (µF cm-2) 

determined in the absence of analyte.  

 

Ion chromatography analysis: Both anionic and cationic compositions of real samples were 

determined by ion chromatography using a Metrohm 882 Compact IC plus instrument with a 

conductivity detector. A high-pressure pump, sequential (Metrohm CO2 suppressor MCS) and 

chemical (Metrohm suppressor MSM II for chemical) suppression modules were installed on the 

instrument. The cation separation was performed on a Metrosep C6-150/4.0 column packed with 

silica gel particles functionalized with carboxyl groups (5 µm particles diameter) and preceded by a 

guard column (Metrosep C6/4.0 guard) and an RP 2Guard column to remove traces of organic 

compounds. The mobile phase consisted of a solution of HNO3 (1.7 mmol L-1) and picolinic acid (1.7 

mmol L-1) in ultrapure water (18.2 MΩ cm at 293 K). The flow rate was 0.9 mL min-1 and the sample 

loop volume was 5 µL. Phosphate determination was performed on a MetrosepA Supp 16-250/4.0 

column packed with quaternary ammonium-functionalized polystyrene-divinylbenzene copolymer 

(4.6 µm particles diameter) and preceded by a guard column (Metrosep A supp 16Guard/2,0) and 
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an RP 2Guard column to remove traces of organic compounds. The mobile phase consisted of a 

solution of Na2CO3 (7.5 mmol L-1) and NaOH (0.75 mmol L-1) in ultrapure water (18.2 MΩ cm at 293 

K). The flow rate was 0.8 mL min-1, and the sample loop volume was 20 µL. The MagIC Net™ 2.3 

Professional chromatography software controlled the 882 Compact IC plus instrument and its 

peripherals. 

3. Results and Discussion 

3.1 Ametryn transfer voltammetry at µITIES 

The electrochemical behavior of AME at a single µITIES was investigated by cyclic voltammetry. In 

pH conditions where AME was protonated, AMEH+, (pH << pKa), the direct transfer of AMEH+ from 

the aqueous phase to the organic phase was observed (Equation 1). The direct ion transfer was 

confirmed by the asymmetric diffusion profile of the cyclic voltammogram (Figure 1A).  

𝐴𝑀𝐸𝐻𝑎𝑞
+ ↔ 𝐴𝑀𝐸𝐻𝑜𝑟𝑔

+      (I) 

In the forward scan, the current reached a steady-state due to the radial diffusion of AMEH+ towards 

the µITIES. On the reverse scan, the transfer current took the shape of a peak, linked to the linear 

diffusion of the AMEH+ in the organic phase, restricted by the side walls of the glass capillary. At pH = 

1.1, the transfer potential for AMEH+, ∆𝑜
𝑤𝜙

𝐴𝑀𝐸𝐻+
1/2

=  −0.152 V, was determined. 
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Figure 1. Cyclic voltammetry of AME (A) at pH 1.1 ([AME] = 320 µM); (B) at pH 2.1 ([AME] = 70 µM); 

(C) at pH 4 ([AME] = 50 µM).  = 10 mV s-1. 

When the pH was raised to 2.1, the shape of the voltammogram changed to a peak-shaped response 

on both forward and reverse scans (Figure 1B), indicating that a linear diffusion is limiting ion transfer. 

This change of diffusion profile was linked to a different transfer mechanism. With the increase of pH, 

the neutral form of AME transferred spontaneously to the organic phase and assisted the transfer of 

protons to the organic phase according to the following reaction:  

𝐴𝑀𝐸𝑜𝑟𝑔 + 𝐻𝑎𝑞
+ ↔ 𝐴𝑀𝐸𝐻𝑜𝑟𝑔

+      (II) 

In such conditions, the proton assisted transfer was limited by the linear diffusion of AME in the organic 

phase, conferring the peak-shaped voltammograms in both forward and reverse scans. These 

observations were confirmed by the scan rate studies conducted for 320 µM AME at pH 1.1 and 70 µM 

at pH 2.1 (Figure 2). At pH 1.1, the asymmetric behaviour was preserved when the scan rate increased. 

The limiting current for the direct transfer of AMEH+ was constant although the reverse peak current 

was linear with the square root of the scan rate. At pH 2.1, both forward and reverse currents varied 

linearly with the square root of the scan rate, confirming limitation of the diffusion of AME in the 

organic side.  

 

Figure 2. Cyclic voltammetry of AME (A) at pH 1.1 ([AME] = 320 µM); (B) at pH 2.1 ([AME] = 70 µM). 

Scan rates were 10, 15, 20, and 25 mV s-1. 

When pH was further increased to pH 4, the shape of the voltammogram showed again an asymmetric 

diffusion profile (Figure 1C), although it was still associated to the proton transfer assisted by AMEorg. 

However, the low concentration of H+ became the limiting factor and was determining the CV shape. 

On the forward scan, the transfer current reached a steady state, resulting from the radial diffusion of 

H+ in the aqueous phase.  
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The influence of pH on the electrochemical behaviour of AME was then investigated by cyclic 

voltammetry for gradually increasing pH values from 1.1 to 2.9 (Figure 3). The transfer current 

increased with the pH and the transfer potential is shifted towards more positive potential difference 

values. When pH > pKa – log P, the variation of transfer potential should vary linearly with the pH with 

a slope of 
2.3𝑅𝑇

𝑧𝐹
   where R was the universal gas constant (in J K-1 mol-1), T the temperature (in K), z the 

charge transferred (+1) and F the Faraday constant (96485.15 C). The slope of the variation of transfer 

potential was measured at 76 mV per pH unit, which is greater than the theoretical slope of 59 mV per 

pH unit (Figure 3B). However, this variation of transfer potential with pH is supporting the assisted 

proton transfer in these pH conditions.  

 

Figure 3. (A) Cyclic voltammograms obtained for variable pH value (from pH1 to pH3) of aqueous 

solution within 70µM AME. (B) Evolution of the half-wave potential of transfer of AME as a function of 

pH. 

For an initial concentration of 70 µM of AME in the aqueous phase, a transfer current of 0.69 nA was 

recorded at pH 1.1, while it rose to 6.2 nA at pH 2.9 for the same concentration. This important increase 

of transfer currents found their origin in the asymmetric diffusion profiles observed at µITIES, as well 

as in the volume differences between the organic and the aqueous phases. Variation of peak current 

as a function of pH was also observed at macroITIES for prometryn, another molecule of the triazine 

family [33], yet in that report, the peak current decreased as the pH increased. The difference of this 

trend with the one observed for AME at µITIES, was due to the difference of volume ratios between 

the organic and aqueous phases. In the case of macroITIES, the volume ratio is close to 1, so the 

spontaneous transfer of prometryn to the organic phase led to a prometryn concentration in the 

organic phase lower than in the aqueous phase, while, here, the concentration of [AME]org rose 

significantly as the volume of the organic phase, Vorg, was smaller than the volume of the aqueous 

phase, Vaq. 
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3.2 AME distribution across the liquid-liquid interface 

When dissolved in an aqueous solution, AME was dissociated according to reaction (III), for which the 

dissociation constant, Ka, was written as described by equation (2).  

𝐴𝑀𝐸𝐻𝑎𝑞
+ ↔ 𝐴𝑀𝐸𝑎𝑞 +  𝐻𝑎𝑞

+      (III) 

𝐾𝑎 =
[𝐴𝑀𝐸]𝑎𝑞[𝐻+]𝑎𝑞

[𝐴𝑀𝐸𝐻+]𝑎𝑞
      (2) 

Since AME is a lipophilic molecule, its neutral form was distributed spontaneously between the organic 

and aqueous phase as follows:  

𝐴𝑀𝐸𝑎𝑞 ↔ 𝐴𝑀𝐸𝑜𝑟𝑔      (IV) 

𝑃 =
[𝐴𝑀𝐸]𝑜𝑟𝑔

[𝐴𝑀𝐸]𝑎𝑞
       (3) 

Equation (4) describes the mass conservation:  

𝑉𝑜𝑟𝑔 ∗ [𝐴𝑀𝐸]𝑜𝑟𝑔 + 𝑉𝑎𝑞 ∗ [𝐴𝑀𝐸]𝑎𝑞 + 𝑉𝑎𝑞 ∗ [𝐴𝑀𝐸𝐻+]𝑎𝑞 = 𝑛 (4) 

Where n was the total number of moles initially present in the system, Vorg and Vaq were the volumes 

of the organic and aqueous phases, respectively. Previous studies have investigated the effect of the 

ratio of the volumes of the two phases on the transfer potential and current at either macroscopic 

ITIES [43,49–54] and thick film modified electrodes [55,56]. By combining equations (2), (3) and (4), we 

can express the concentrations [AME]aq, [AME]org and [AMEH+]aq at equilibrium. We assumed that in 

the absence of the application of interfacial potential, the protonated species AMEH+ and H+ were only 

present in the aqueous phase due to their negligible solubility in the organic phase. 

[𝐴𝑀𝐸]𝑎𝑞 =
𝑛𝐾𝑎

𝐾𝑎(𝑃𝑉𝑜𝑟𝑔+𝑉𝑎𝑞)+[𝐻+]𝑎𝑞𝑉𝑎𝑞
     (5) 

[𝐴𝑀𝐸𝐻+]𝑎𝑞 =
𝑛[𝐻+]𝑎𝑞

𝐾𝑎(𝑃𝑉𝑜𝑟𝑔+𝑉𝑎𝑞)+[𝐻+]𝑎𝑞𝑉𝑎𝑞
    (6) 

[𝐴𝑀𝐸]𝑜𝑟𝑔 =
𝑛𝑃𝐾𝑎

𝐾𝑎(𝑃𝑉𝑜𝑟𝑔+𝑉𝑎𝑞)+[𝐻+]𝑎𝑞𝑉𝑎𝑞
     (7) 

The distribution of AME in the biphasic system as a function of pH was shown in Figure 4 using the 

following experimental conditions: n = 25 nmol, Vaq = 2 mL and Vorg = 50 µL. With pH ranging from 0 to 

6, three domains were identified: (i) a low pH domain where the predominating form of AME was 

AMEH+
aq; (ii) a medium pH domain where the neutral form of AME in the organic phase dominated but 

[AME]org remained lower than [H+]aq; (iii) and a high pH domain where [AME]org > [H+]aq. The boundaries 

of domains were marked by the following equations:  

[AMEH+]aq= [AME]org     (8) 

[𝐻+]𝑎𝑞 = [𝐴𝑀𝐸]𝑜𝑟𝑔     (9) 
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The equation (11) was observed when:  

𝑝𝐻 = 𝑝𝐾𝑎 − 𝑙𝑜𝑔 𝑃     (10) 

indicating that this limit was independent of the volumes Vorg and Vaq. When pH < pKa-log P, the 

electrochemical signal was the result of the direct transfer of 𝐴𝑀𝐸𝐻𝑎𝑞
+ , resulting in the steady state 

voltammogram (as shown in Figure 1). The limiting current, Ilimiting, was defined by equation 

𝐼𝑙𝑖𝑚𝑖𝑡𝑖𝑛𝑔 = 4𝑧𝐹𝐷𝑎𝑞
𝐴𝑀𝐸𝐻+

[𝐴𝑀𝐸𝐻+]𝑎𝑞𝑟   (11) 

Although Ilimiting is directly proportional to the [𝐴𝑀𝐸𝐻+]𝑎𝑞, the very acidic conditions for the detection 

of AMEH+ via direct transfer are not preferred. 

 

Figure 4. Concentration distribution of [AME]org (blue line based on equation 7), [AMEH+]aq (red line 

based on equation 6), [AME]aq (black line based on equation 5), and [H+]aq (green line). n = 25 nmol, Vaq 

= 2 mL and Vorg = 50 µL.  

However, the upper limit of the second domain (shown in Figure 4) is the solution of the quadratic 

equation:  

𝑉𝑎𝑞([𝐻+]𝑎𝑞
𝑙𝑖𝑚)

2
+ 𝐾𝑎(𝑃𝑉𝑜𝑟𝑔 + 𝑉𝑎𝑞)[𝐻+]𝑎𝑞

𝑙𝑖𝑚 − 𝑛𝑃𝐾𝑎 = 0  (12) 

[𝐻+]𝑎𝑞
𝑙𝑖𝑚 =

−𝐾𝑎(𝑃𝑉𝑜𝑟𝑔+𝑉𝑎𝑞)+√𝐾𝑎
2(𝑃𝑉𝑜𝑟𝑔+𝑉𝑎𝑞)

2
+4𝑛𝑃𝐾𝑎𝑉𝑎𝑞

2𝑉𝑎𝑞
  (13) 

When pKa-log P < pH < pHlim, the electrochemical signal was the result of the proton facilitated by the 

neutral form of AME dissolved in the organic phase, AMEorg. As in this pH range, [H+]aq > [AME]org, the 

transfer current is proportional to the [AME]org:  

𝐼𝑝 = 2.69 × 105𝑧3/2𝐴(𝐷𝑜𝑟𝑔
𝐴𝑀𝐸)

1/2
[𝐴𝑀𝐸]𝑜𝑟𝑔𝜐1/2   (14) 
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When the Vorg tends to 0, the upper limit depends on the initial concentration, [𝐴𝑀𝐸]𝑎𝑞
𝑖𝑛𝑖 = 𝑛/𝑉𝑎𝑞, 

which is given by equation (15): 

𝑙𝑖𝑚
𝑉𝑜𝑟𝑔→0

[𝐻+]𝑎𝑞
𝑙𝑖𝑚 =

−𝐾𝑎+√𝐾𝑎
2+4[𝐴𝑀𝐸]𝑎𝑞

𝑖𝑛𝑖𝑃𝐾𝑎

2
    (15) 

The evolution of pHlim as a function of [𝐴𝑀𝐸]𝑎𝑞
𝑖𝑛𝑖 was plotted in Figure 5 and the three domains were 

defined by equations (10) and (15).  

 

Figure 5. Distribution of the three domains as a function of the pH and [𝐴𝑀𝐸]𝑎𝑞
𝑖𝑛𝑖. The solid lines 

separating the domains were established with equations (10) and (15). The shape of the data points 

represents the types of ion transfer observed experimentally: () AMEH+ ion transfer, () H+ assisted 

by AMEorg, and () H+ limited assisted transfer. 

When pH > pHlim, [H+]aq < [AME]org so the proton assisted transfer is limited by the proton 

concentration. As a result, a steady state voltammogram is observed and the limiting current is given 

by the following equation:  

𝐼𝑙𝑖𝑚𝑖𝑡𝑖𝑛𝑔 = 4𝑧𝐹𝐷𝑎𝑞
𝐻+

[𝐻+]𝑎𝑞𝑟     (16) 

The analysis above could qualitatively explain the shape of voltammogram of AME at different pH. It 

may also provide an estimation on the limiting current of peak current. Nevertheless, it should also be 

noted that the actual condition is a mixed transfer of [AMEH+]aq, [AME]aq and [H+], so the current 

expressions are valid only under strict approximations when only one ion is considered, and they 

should not be overinterpreted. 

3.3 Proton transfer assisted by ametryn in buffered solutions 

Results shown in section 3.2 have demonstrated that both accumulation and peak current for the 

proton assisted transfer are pH-dependent. Accumulation will be optimal at pH >> pKa, and ametryn 

detection will be optimal at pH < pHlim as defined by equation (15). Such contradictory conditions would 
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require a time-consuming two-step protocol. Furthermore, detection conditions would vary greatly 

with the nature of the target analytes pKa and P. To circumvent these limitations, we have investigated 

the effect of the addition of buffer to the aqueous solution. The presence of buffer in the aqueous 

solution ensures a constant concentration of protons available for the transfer across the interface. 

Figure 5 shows the cyclic voltammograms of 8 µM ametryn initially dissolved in the aqueous phase at 

pH 6.8, 0.1, 1, and 10 mM phosphate buffer. At 0.1 mM phosphate buffer, the proton transfer assisted 

by ametryn was not observed. The buffer concentration was not high enough and limited the transfer 

reaction. However, when the phosphate buffer concentration was 1 mM, a peak for the transfer of 8 

µM ametryn was observed, and thus allowing the one-step detection of ametryn. Increasing the 

concentration of phosphate buffer to 10 mM resulted in a loss of ametryn signal due to the rise of 

background current (inset of Figure 5). All subsequent experiments were done in the presence of 1 

mM phosphate buffer (pH 6.8).  

 

Figure 6. Cyclic voltammograms of 8 µM AME in a 10 mM LiCl aqueous solution containing 0.1 (red 

curve), 1 (black curve) and 10 mM (inset) phosphate buffer. Scan rate was 10 mV s-1. The CVs were 

recorded after the electrochemical cell was left 30 min at open-circuit potential to reach equilibrium.  

 

A more sensitive electrochemical method was required to overcome the mediocre limit of detection 

reached with cyclic voltammetry (Figure 6). Recently, AC voltammetry was described by Suárez-

Herrera and Scanlon [48] as an quantitative analytical method at the ITIES. It was used here to improve 

the sensitivity of the ametryn detection (Figure 7). The frequency of the AC signal was set at a value of 

1 Hz, which favoured the Faradaic response of the proton assisted transfer limited by AME diffusion in 

the organic phase. An electrochemical cell was set with 10 mM LiCl + 1 mM phosphate buffer as an 

aqueous phase. A blank cyclic voltammogram and a blank AC voltammogram were recorded prior to 

additions of ametryn to the aqueous phase. After each ametryn addition, AC voltammograms were 
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recorded after 30 minutes of waiting time at open-circuit potential to allow the partition of neutral 

lipophilic ametryn to reach equilibrium. AC voltammograms for ametryn concentrations ranging from 

0.5 to 2.5 µM are shown in Figure 7. A peak at 0.16 V, corresponding to the proton transfer assisted by 

AME, was measured and its height increased linearly with the concentration of AME (Figure 7B). The 

sensitivity of 33.6 µF cm-2 µM-1 allowed to reach a limit of detection of 0.2 µM (calculated as 3 times 

the standard deviation divided by the sensitivity). Such a limit of detection is 40 times lower than with 

cyclic voltammetry.  

 

Figure 7. (A) Background subtracted AC voltammograms for increasing concentrations of AME (0.5 – 
2.5 µM) in the aqueous phase (10 mM LiCl + 1 mM phosphate buffer, pH 6.8). Experiments were done 
in triplicate. Inset: AC voltammograms before background subtraction. (B) Calibration curve for AME 
obtained from the AC voltammograms. Error bars are smaller than symbols when not visible.  

 

Three river water samples (CS3, CS4 and SG) were then analysed by AC voltammetry. The ionic 

composition of the three river samples was determined by ion chromatography. Phosphate 

concentration was measured at 27.7 µM for CS3 and below the limit of detection for ion 

chromatography for the other two samples (CS4 and SG). Since the phosphate concentration in the 

samples was naturally insufficient, 1 mM phosphate buffer was added, and the pH was set 6.8. AC 

voltammograms for increasing concentrations are shown after subtraction of the blank (Figure 8). As 

for the model solution, the analytical signal increased linearly with the concentration of AME in the 

aqueous phase for all three real samples investigated. Analytical figures of merit for the real samples 

are gathered in Table 1.  
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Figure 8. AC voltammograms for increasing spiked concentrations of AME (0.5 – 2.5 µM) in real sample 
CS3 from the Strengbach river (Vosges, France). 1 mM phosphate buffer (pH 6.8) was added to the 
sample. 30 minutes of waiting time after each addition prior to AC voltammetry run. The 
voltammograms were background subtracted.  

Concentrations of Li+, Na+, NH4
+, K+ were also determined by ion chromatography since the presence 

of those ions could interfere with proton assisted transfer. Their concentrations in the samples tested 

are given in Table 1. Among those four cations found naturally in the river samples, NH4
+ has the lowest 

standard transfer potential with ∆𝑜
𝑤𝜙𝑁𝐻4

+
0  = 0.531 V and is hence the most likely to interfere with the 

proton assisted transfer. The standard transfer potential of K+ is slightly higher with ∆𝑜
𝑤𝜙𝐾+

0  = 0.542 V, 

followed by Na+ (∆𝑜
𝑤𝜙𝑁𝑎+

0  = 0.606 V) and Li+ (∆𝑜
𝑤𝜙𝐿𝑖+

0  = 0.620 V) [57]. For Li+, K+ and NH4
+, the 

concentrations are between 3.6 and 37.2 µM. The natural concentrations of these three ions did not 

significantly alter the limits of detection achieved as they were comprised in the range 0.2 < LOD < 0.31 

µM. The real samples tested were naturally more concentrated in Na+, but the concentration was 

artificially increased to 1.5 mM due to the addition of the sodium salt of the phosphate buffer. The 

proximity of the proton transfer assisted by AME with the Na+ transfer may hamper the limit of 

detection. 

 

Table 1: Analytical performance and chemical composition of the solution analysed. 

 Analytical performances Cation concentration 

Sensitivity 

µF cm-2 

µM-1 

Dynamic 

range 

µM 

R2 LODa 

µM 

[Li+] [Na+] [NH4
+] [K+] 
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Model 

solution 

33.6 0.5 – 2.5 0.995 0.20 10 mM 1.49 

mM 

0 0 

CS3b 46.3 0.5 – 2.5  0.994 0.22 --c 96.6 

µMd 

--c 3.6 µM 

CS4b 26.9 0.5 – 2.5  0.994 0.31 --c 96.1 

µMd 

--c 11.6 

µM 

SGb 22.3 0.5 – 2.5  0.988 0.27 37.2 

µM 

104.7 

µMd 

5.2 µM 3.7 µM 

a: Limit of detection was calculated as 3 times the standard deviation of the intercept divided by the 
sensitivity. b: These sample names correspond to sampling points on the Strengbach river. c: 
concentration below the limit of detection of ion chromatography. d: determined by IC before addition 
of phosphate buffer. 

 

4. Conclusion 

We investigated the cyclic voltammetry of cationic lipophilic model target analyte, ametryn, at a single 

µITIES as a function of pH. Both direct ion transfer and proton assisted transfer were observed 

depending on the pH of the aqueous phase. When pH < pKa – log P, the transfer of direct ion transfer 

of the protonated ametryn, AMEH+, was predominant. Spontaneous transfer of the neutral form of 

ametryn, AME, from the aqueous to the organic phase led to a switch of ion transfer mechanism from 

direct AMEH+ transfer to H+ transfer assisted by AMEorg. The presence of AME in the organic phase 

assisted the transfer of H+ across the interface, which was either limited by the diffusion of AME in the 

organic phase (when pKa – log P < pH < pHlim) or by the concentration of H+ in the aqueous phase (when 

pH > pHlim). Furthermore, the microscopic dimension of the interface and the volume ratio Vaq / Vorg >> 

1 favoured the accumulation of AME in the organic phase and a preconcentration effect was thus 

observed. The addition of 1 mM phosphate buffer to the aqueous phase provided an excess source of 

protons available to transfer across the ITIES, assisted by the presence of AME in the organic phase. In 

such conditions, the detection of sub-micromolar concentrations of AME in real samples was possible.  

This simple protocol may be applicable to lipophilic ionisable molecules and could be implemented for 

flow-cell analysis [58] or for stripping voltammetry using paper-based electrochemical systems [59]. 
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