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In this work, the electrified liquid-liquid interface (LLI) was supported with the bare and polyelectrolyte 

modified fiberglass membranes. The permeability of these supports was then investigated with ion 

transfer voltammetry. This work descends from three mutually interconnected experimental tasks. (i) 

The study of an interfacial behavior of three polyelectrolytes, poly(ethyleneimine) (PEI), polystyrene 

sulfonate (PSS), and polyhexamethylene guanidine (PHMG) at the polarized LLI. (ii) Electrochemical 

characterization of the LLI supported by the unmodified fiberglass membrane. (iii) Polyelectrolyte 

multilayer placement, using layer-by-layer processing, at the surface of the fiberglass membrane and 

its further utilization as the support for the electrified LLI. Bare and modified membranes were 

characterized using ion transfer voltammetry in the presence of a family of quaternary ammonium 

cations: tetramethylammonium (TMA+), tetraethylammonium (TEA+), tetrapropylammonium (TPrA+) 

and tetrabutylammonium (TBA+) initially dissolved in the aqueous phase as the chloride salts. The ionic 

currents related to their transmembrane transfer were affected already after the first polyelectrolyte 

layer placement. In addition to electrochemistry, the modification process was followed using several 
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complementary techniques, including optical microscopy, atomic force microscopy, infra-red 

spectroscopy, and scanning electron microscopy. The proposed methodology offers very simple, fast, 

and versatile (having in mind the available selection of functional polyelectrolytes) protocol for a 

membrane preparation having size sieving properties. In turn, the electrochemistry at the liquid-liquid 

interface can be used as an insightful tool to study the ionic transmembrane currents.   

1.1. Introduction 

Surface modification protocols based on an alternating placement of an oppositely charged 

deposit aliquots, known as the layer-by-layer (LbL) assembly, is an immensely and increasingly popular 

technique for nanofilms formation. This is mainly due to the unbelievably simple processing, especially 

when it comes to direct deposition from a solution. The materials that may be used in this respect 

cover DNA, proteins including enzymes, nano- and micro-particles, self-assembled phospholipids, and 

finally polymers [1,2]. The latter is usually represented by polyelectrolytes equipped with permanently 

or ionizable chemical functional groups such as primary, secondary, tertiary, and quaternary 

ammonium cations (e.g. polyallylamine or poly(diallyldimethylammonium chloride), sulfonate (e.g. 

polystyrene sulfonate) or carboxylate anions (e.g. polyvinyl acetate). Multilayer films made out of 

charged polyelectrolytes make an impressive list of applications. Placement of enzymes into 

polyelectrolyte multilayer is a popular approach during biosensors [3,4] or biocatalytic surfaces [5–7] 

construction. Soft and charged polymeric deposits can serve as a cushion with a switchable surface 

charge for lipid bilayers based bio-interphases development [8–12]. Polyelectrolyte capsules derived 

from LbL processing are used as active substance carriers [13–15], whereas polyelectrolyte based 

coatings at the surface of nano- or micro-particles find applications in molecular recovery [16]. The 

decoration of membranes with polyelectrolyte multilayer gathered significant attention in recent 

years as these molecules bring new functional properties to the membrane interfacial region. 

Numerous reports prove that chosen polyelectrolytes present at the membranes surface exhibit 

antifouling properties [17–19]. The polyelectrolyte multilayer may induce the selective transport of 
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ions across the membrane [20–23] or even tune the ionic flux by careful adjustment of the terminating 

layer charge [24]. Finally, the properties of a chemical functional group(s) located within the 

polyelectrolyte structure can give a membrane the functional properties as e.g. membranes modified 

with guanidine group containing polyelectrolyte for phosphate recovery applications [25,26]. With the 

wide selection of polyelectrolytes tailored by synthetic chemistry toolbox (allowing for programmed 

chemical properties) and modifier thickness controlled by a very simple LbL assembly, the concerned 

method deserves to be considered as one of the most powerful among surface modification 

strategies.   

Liquid-liquid interface (LLI) forms a soft boundary that can be crossed by the chemical species 

fulfilling inherent partitioning properties. In other words, the transfer of chemical species will proceed 

towards the phase of their highest affinity until equilibrium will be established. Under certain 

circumstances, this is at the interface between two immiscible electrolyte solutions (ITIES), 

electrochemistry can be used to disturb this equilibrium [27,28]. Interfacial polarization may lead to a 

selective transfer of ionic species from the aqueous to the organic phase or from the organic to the 

aqueous phase as the standard Galvani potential of ion transfer is directly related to the standard 

Gibbs free energy of the ion transfer reaction (𝛥𝐺𝑖,𝑎𝑞↔𝑜𝑟𝑔
0 = −𝑧𝑖𝐹𝛥𝑜𝑟𝑔

𝑎𝑞
𝜙𝑖,𝑎𝑞↔𝑜𝑟𝑔

0 ). This simply means that 

the portion of energy supplied to a biphasic system (potential difference applied from an external 

power source) needed to trigger simple interfacial ion transfer is directly related to molecular 

hydrophilicity/hydrophobicity. Moreover this soft junction is self-healing, impossible to scratch and 

under proper composition of both contacting phases can be studied with a full range of available 

electrochemical techniques. Desired (and new) physical and chemical properties of the LLI can be 

easily introduced with the help of interfacial modification [29]. In this respect, the interfacial ionic 

currents can be affected by two means. The first one relays on the placement of the physical obstacles 

in a form of molecular layers [30,31] or solid particles [32] self-assembling at the LLI. With a wide 

choice of chemical functional groups present at the surface of the self-assembling objects (e.g. 

phospholipid polar head groups, reach chemistry of nanoparticles), these are readily available building 
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blocks that can be easily placed at the soft junctions. The second approach is based on membranes 

with predefined dimensionality [33–36] and/or geometrical arrangement [37–39] of pores that are 

used as the LLI supports. When the diameter of a single pore approaches few tens of micrometers the 

higher mass transfer coefficients of the chemical species crossing the interface are obtained due to a 

transition from a linear to hemispherical diffusion zones established at the ingress of the pore(s). This 

finds applications in sensing [40] and maybe harvested in molecular separation [41]. Further pore(s) 

downscaling, for instance in mesoporous membranes, will eventually reach the dimensions of macro- 

and small molecules giving elegant platforms for molecular sieving [34,42–44]. In this respect, the 

electrochemistry at the LLI provides direct tools to investigate the ionic currents flowing through the 

interface situate within the membrane pore(s).  

In this work, we have combined the very simple LbL assembly of polyelectrolytes at the surface 

of a fiberglass membrane that was further used as a support for the electrified LLI. The family of the 

quaternary ammonium cations, including tetramethylammonium, tetraethylammonium, 

tetrapropylammonium, and tetrabutylammonium, were used to study the permeability of the bare 

and polyelectrolyte multilayer modified fiberglass membrane. Our findings indicate that each layer 

placed at the membrane surface affected the ionic currents and energetics of the studied interfacial 

ion transfer reactions as followed by the ion transfer voltammetry (ITV). Reported results indicate that 

the controlled thickness of the polyelectrolyte multilayer may be used for constructing the membrane 

with the desired size sieving properties.     

1.2. Methods and Materials 

1.2.1. Materials 

Sodium chloride (NaCl, for analysis, ChemPur), hydrochloric acid (HCl, 35 – 38% vol, for analysis, 

ChemPur), sodium hydroxide (NaOH, for analysis, ChemPur), 1,2-dichloroethane (1,2-DCE, for 

analysis, POCH), poly(ethyleneimine) (PEI, M.W. 25k, Sigma-Aldrich), polystyrene sulfonate (PSS, M.W. 

70k, Sigma-Aldrich) and polyhexamethylene guanidine (PHMG, >99%, Sinotech), 
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tetramethylammonium chloride (TMACl, >98%, Acros Organics), tetraethylammonium chloride 

(TEACl, >99%, Alfa Aesar), tetrapropylammonium chloride (TPrACl, >99%, Alfa Aesar), 

tetrabutylammonium (TBACl, 97%, Apollo Scientific) were all used as received. Potassium tetrakis(4-

chlorophenyl)borate (KTPBCl, ≥98%, Sigma-Aldrich) and bis(triphenylphosphoranylidene)ammonium 

chloride (BTPPACl, 97%, Sigma-Aldrich) were mixed after dissolving the equimolar amounts in 

methanol (MeOH, for analysis, ChemPur) and water mixture (1:2 by volume). Resulting precipitate, 

bis(triphenylphosphoranylidene)ammonium tetrakis(4-chlorophenyl)borate (BTPPATPBCl) was 

filtrated, dried and recrystallized from acetone. Before electrochemical measurement and 

modification fiberglass membranes (Glass microfiber discs by Ahlstrom Munksjo, diameter = 47.0 mm, 

0.2 mm thick) were cut using scalpel knife and attached to the glass tubing (internal diameter = 6.0 

mm, outer diameter = 9.0 mm, length = 50.0 mm) using silicon sealant (Diall, Kingfisher Int. UK). 

1.2.2. Electrochemical cells 

All electrochemical experiments described in this work were performed in two electrochemical cells 

shown in Fig. 1A and 1B. LLI was polarized with the help of a four-electrode configuration with two 

platinum wires used as the counter electrodes and two Ag/AgCl wires used as the reference 

electrodes. Each phase contained one platinum and one Ag/AgCl electrode (see Fig. 1A and 1B for the 

arrangement of the electrodes). The potential was supplied from an external power source using 

potentiostat-galvanostat Autolab 302N from Methrom. The interfacial behavior of the 

polyelectrolytes used as the fiberglass membrane modifiers were studied in the cell shown in Fig. 1A 

that can be additionally depicted as: 

𝐴𝑔|𝐴𝑔𝐶𝑙|
10 𝑚𝑀 𝑁𝑎𝐶𝑙

𝑥 𝑚𝑔/𝑚𝐿 𝑝𝑜𝑙𝑦𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 
| |

5 𝑚𝑀
𝐵𝑇𝑃𝑃𝐴𝑇𝑃𝐵𝐶𝑙

|
10 𝑚𝑀 𝑁𝑎𝐶𝑙

10 𝑚𝑀 𝐵𝑇𝑃𝑃𝐴𝐶𝑙
|𝐴𝑔𝐶𝑙|𝐴𝑔                                  Cell I  

𝐴𝑔|𝐴𝑔𝐶𝑙|
10 𝑚𝑀 𝑁𝑎𝐶𝑙, 10 𝑚𝑀 𝐻3𝑃𝑂4,

𝑥 𝑚𝐿 1 𝑀 𝑁𝑎𝑂𝐻, 𝑥 µ𝑔/𝑚𝐿 𝑃𝐻𝑀𝐺 
| |

5 𝑚𝑀
𝐵𝑇𝑃𝑃𝐴𝑇𝑃𝐵𝐶𝑙

|
10 𝑚𝑀 𝑁𝑎𝐶𝑙

10 𝑚𝑀 𝐵𝑇𝑃𝑃𝐴𝐶𝑙
|𝐴𝑔𝐶𝑙|𝐴𝑔                       Cell II          

 

-----------------------------------------Here Figure 1--------------------------------------------- 
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The modified (Fig. 1D) and unmodified (Fig. 1C – optical microscopy photo) fiberglass 

membranes were studied in the cell shown in Fig. 1B. Before electrochemical characterization, the 

membranes were fixed to a glass tube (internal diameter = 8 mm; external diameter = 10 mm) using 

a silicone sealant. Next, the tube was filled with the organic phase and was further placed into a glass 

cell containing the aqueous phase. Finally, all electrodes were inserted. The organic phase reference 

electrode was additionally placed inside the capillary filled with the aqueous solution of 10 mM 

BTPPACl and 10 mM NaCl. The electrochemical cell can be represented by (TAA+ stands for 

tetraalkylammonium (TMA+,TEA+,TPrA+ or TBA+) cation): 

𝐴𝑔|𝐴𝑔𝐶𝑙|
10 𝑚𝑀 𝑁𝑎𝐶𝑙
𝑥 µ𝑀 𝑇𝐴𝐴+ | |

5 𝑚𝑀
𝐵𝑇𝑃𝑃𝐴𝑇𝑃𝐵𝐶𝑙

|
10 𝑚𝑀 𝑁𝑎𝐶𝑙

10 𝑚𝑀 𝐵𝑇𝑃𝑃𝐴𝐶𝑙
|𝐴𝑔𝐶𝑙|𝐴𝑔                         Cell III          

1.2.3. Infra-red spectroscopy 

The fiberglass membrane modified with PEI followed by 5 (PSS-PHMG) layers placement was 

dried and pounded in a mortar. The same was done for the unmodified membrane. Next, the powder 

was dispersed in the KBr, and the pellet was formed. The spectra were recorded using Nexus FT-IR 

(Thermo Nicolet) spectrometer in a spectral window from 4000 cm-1 to 2000 cm-1. 

1.2.4. Scanning Electron Microscopy 

The scanning electron microscopy (SEM, a Phenom G2 Pure, FEI Company, the Netherlands) was 

used to imagine fiberglass membranes before and after the modification process. During the 

measurements, the fiberglass membranes were fixed to a SEM support with copper tape. SEM images 

were acquired using a high sensitivity backscatter electron detector (BSD) with an accelerating voltage 

of 5 kV. 

1.2.5. Atomic Force Microscopy 

The atomic force microscopy (AFM) morphology characterization is performed using a Park XE-

100 AFM from Park Systems using an ACTA AFM probe purchased from AppNano. The spring constant 
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of the probe is 26 N/m determined using the thermal noise method [45,46]. The surface roughness of 

individual fibers is calculated using the XEI software from Park systems.  

1.3. Results and discussion 

1.3.1. Behavior of polyelectrolytes at the polarized liquid-liquid interface 

Before fiberglass membrane modification, the interfacial behavior of PEI, PSS, and PHMG was 

studied at the electrified LLI in the electrochemical cell shown in Fig. 1A. Fig. 2 represents the ion 

transfer voltammograms recorded in the cell I for x = 50 µg·mL-1. The pH of the 10 mM NaCl usually 

found in the range from 5.5 (caused by the carbon dioxide dissolution) to 7 assures positive charge of 

PEI (for branched species the pKa values falls for the range from 8 to 11) [47] and PHMG (pKa = 13.5)  

[48]. At given pH PSS will be fully dissociated (pKa ≈ 1) [49] and negatively charged. Since only charged 

chemical species can give a signal at the electrified LLI, under the present experimental conditions all 

three macromolecules are expected to give a signal. However, only the addition of PEI and PHMG to 

the water phase resulted in the appearance of a pair of asymmetric peaks on the positive side of the 

potential window (Fig. 2A and 2B).  

-----------------------------------------Here Figure 2--------------------------------------------- 

These voltammograms share a series of similar electrochemical characteristics common for the 

interfacially active and charged macromolecules. These include (i) irregular shape of the peaks; (ii) 

forward and reverse peak charge ratio diverging from unity; (ii) sudden drops in peak currents 

especially recorded on the reverse scan (in case of PEI and PHMG recorded during polarization from 

higher to lower potential values); (iv) peak to peak separation deviating from the expected value 

defined by the molecular charge (∆𝐸𝑝 =  
0.059 𝑉

𝑧
, where z is the molecular charge) and (v) the increase 

in the capacitive currents upon repetitive cycling (data not shown) that are commonly found for the 

molecules adsorbing to the LLI. The mechanism behind the recorded charge transfer reaction is 

common for all macromolecules [50–55] and involves a few steps. Most reports deal with the 

positively charged macromolecules initially dissolved in the aqueous phase, which we also focus on in 
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our considerations. In the first step, the interfacial polarization with the direction from the lower to 

the higher potential values triggers the transfer of the positively charged polyelectrolytes from the 

bulk phase to the LLI region where the accumulation of the positive charge occurs. This, in turn, 

facilitates the interfacial transfer of the hydrophobic anion from the organic phase background 

electrolyte to the water phase where it can form a complex with the positively charged macromolecule 

[56]. This reaction can be directly probed by ITV as it gives positive currents observed for PEI (Fig. 2A) 

and PHMG (Fig. 2B). On the vertex potential, the direction of polarization is changed and the negative 

currents are recorded as the hydrophobic anions are returning to the organic phase. After reaching 

the maximum negative peak height the current is dropping in an abrupt manner indicating the 

interfacial adsorption process. During consecutive voltammetric cycling, the hydrophobic anion – 

positively charged macromolecule complexes precipitate at the electrified LLI and form molecular 

films visible with the naked eye [52,53]. The voltammogram showed in Fig. 2C was recorded in the 

presence of 50 µg·mL-1 PSS in the aqueous phase and is the same as the blank voltammogram showed 

in Fig. 2D recorded at the LLI formed between 10 mM NaCl in the aqueous phase and 5 mM 

BTPPATPBCl in the organic phase. For the negatively charged polyelectrolyte, we would expect to 

observe the appearance of a signal within the less positive potential range due to the facilitated 

transfer of the hydrophobic cation present in the organic phase. Since this was not the case, under 

the configuration studied, the presence of PSS in the water phase cannot be followed using ITV and 

we attributed the faradaic currents limiting the potential window on the less positive potential side 

(for both, Fig. 2C and 2D) to the transfer of 𝐶𝑙𝑎𝑞↔𝑜𝑟𝑔
− .  

Next, we focused on understanding the interfacial behavior of PHMG (PEI was already 

comprehensively studied by Ulmeanu et al. [55] whereas PSS is electrochemically inactive). The 

positive peak current attributed to the PHMG added to the aqueous phase could be detected from 

concentrations equal to 8 µg·mL-1 and increased linearly up to 50 µg·mL-1  (see Fig. SI1 from supporting 

information). Also, we found that the positive peak currents – corresponding to the transfer of the 

TPBCl- from the organic phase to the aqueous phase – increased linearly with the square root of the 
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scan rate (see Fig. SI2 from supporting information) which is typical behavior of a diffusion-limited 

process. Fig. 3 and Fig. SI3 show that PHMG is interfacially active in almost the entire conventional pH 

scale (studied in cell II), at least up to the last studied pH value equal to 12.0, agreeing with its pKa = 

13.5. We also found that the positive and negative signal intensities change upon repetitive 

voltammetric cycling (Fig. 3A) giving pH-dependent patterns shown in Fig. 3B. As we change the pH, 

we also change the form of phosphate species that were used to buffer the aqueous phase, this is 

𝐻2𝑃𝑂4
− at pH = 5.0; ≈ 1:1 mixture of 𝐻2𝑃𝑂4

− and 𝐻𝑃𝑂4
2− at pH = 7.4; 𝐻𝑃𝑂4

2− at pH = 10.0 and ≈1:1 

mixture of 𝑃𝑂4
3− and 𝐻𝑃𝑂4

2− at pH = 12.0. The current – ITV repetition number patterns from Fig. 3B 

can be explained based on the guanidine group present in the PHMG structure interactions with the 

phosphate species [25,57]. These are based on the electrostatic attraction between oppositely 

charged ions and the ability to form hydrogen bonding, especially for the protonated phosphate 

species existing at pH < 12.0. The positive peak current drop recorded after 100 voltammetric cycles 

from Fig. 3B equals to around 6%; 23%; 42% and 48% for pH = 12.0; 10.0; 7.4 and 5.0, respectively. 

This dependency indicates that the phosphate species from the aqueous phase most probably 

compete with the TPBCl- from the organic phase during interfacial complexation reaction with 

positively charged polyelectrolyte. The highest drop in the positive peak current for pH 5.0 and 7.4 is 

not surprising as the protonated phosphate species, in addition to the electrostatic interactions, can 

form the hydrogen bonding with the guanidine group. At higher pH values, especially at pH = 12.0, the 

change in the recorded current upon repetitive cycling is negligible indicating that the electrostatic 

and hydrophobic interactions between positively charged polyelectrolyte and the TPBCl- are stronger 

than only electrostatic interactions with 𝑃𝑂4
3−. PEI, PHMG, and PSS were further used for the 

polyelectrolyte multilayer formation at the surface of a fiberglass membrane.   

-----------------------------------------Here Figure 3--------------------------------------------- 

1.3.2. Polarized liquid-liquid interface supported with the fiberglass membrane 
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The unmodified fiberglass membranes were studied as the support of the electrified LLI. Before 

measurements, each membrane underwent similar processing involving a few steps. (i) First, the 

membrane was fixed to a glass tube using a silicone sealant. (ii) Next, its surface was activated by 

immersing the membrane in 1M NaOH for a few seconds followed by (iii) thorough rinsing in distilled 

water. (iv) Following that, the organic phase was added to the tube (v) which was then placed into a 

glass cell containing the aqueous phase – shown in Fig. 1B.  

-----------------------------------------Here Figure 4--------------------------------------------- 

Fig. 4A shows the ion transfer voltammogram recorded in cell III in the absence (black curve) and 

the presence (red curve) of TMA+ initially present in the aqueous phase at a concentration equal to 

150 µM. Addition of TMA+ resulted in an appearance of the signal at around 0.65 V. The forward 

positive peak current (recorded during interfacial polarization with direction from lower to higher 

potential values) is due to the TMA+ transfer from the aqueous to the organic phase, whereas the 

negative peak current is recorded on the TMA+ back transfer from the organic to the aqueous phase. 

From the shape and the electrochemical characteristics provided by the voltammograms from Fig. 4A 

we can extract a few interesting findings that are based on the assumption that the pores within the 

membrane are fully wetted by the aqueous phase. First of all, the sigmoidal shape of the forward and 

reversed peak currents attributed to the TMA+ indicate that the mass transfer of the charge crossing 

the interface is enhanced (at least partially). This is a characteristic behavior of LLI placed within the 

miniaturized pore(s) located in a thin film where the mass transfer of the interfacially active species is 

governed by the hemispherical diffusion zones established on both sides of the LLI [58]. Having in mind 

that fiberglass membrane is made out of pressed glass fibers the resulting pores available within its 

framework will have different shapes and random arrangement – as we schematically show in Fig. 4B. 

This also means, that some of the pores will be equipped with the individual, whereas other 

neighboring pores will be sharing the diffusion zones. For our further considerations, we will simplify 

our system and assume that most of the pores are circular (with r = 0.5 µm assumed based on the 
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membrane specification) and sufficiently separated from each other. Like so, we can estimate the 

electroactive surface area of an electrified LLI using the following expression: 

𝐼𝑆𝑆 = 4𝑁𝑟𝑛𝐹𝐷𝐶              eq. 1  

where ISS is the steady state current of the 𝑇𝑀𝐴𝑎𝑞→𝑜𝑟𝑔
+  (3.85 µA); n is the charge of TMA+ (z = 1), D is 

the diffusion coefficient of TMA+ (13.8·10-6 cm2·s-1), C is the TMA+ concentration (150 µM), r is the pore 

radii (assumed to be equal to 0.5 µm) and N is the number of pores located within the membrane. The 

simple calculations allow for the number of pores (N) estimation which is equal to around 9.6·104. 

With 7.9·10-9 cm2 as the surface area of a single pore, we get 7.6·10-4 cm2 as the total electrochemical 

surface area. This is only a small fraction of a geometrical area of a membrane equal to 0.6 cm2. Fig. 5 

shows a series of ion transfer voltammograms for TMA+ (Fig. 5A), TEA+ (Fig. 5C), TPrA+ (Fig. 5E) and 

TBA+ (Fig. 5G) recorded at 50; 100; 150 and 200 µM concentrations. The unmodified membranes are 

permeable to all studied cations (the transfer of TBA+ shown in Fig. 5G, although overlaid with the 

potential window limiting current is still present). The shape of the signals recorded during the forward 

and reversed ion transfer reaction – sigmoidal waves rather than peaks – can be noticed for three 

smallest ions studied. Also, the successive addition of the studied ions to the electrochemical cell 

caused the signals to increase in a manner shown in Fig. 5B, 5D, 5F, and 5H. Senthilkumar et al. have 

shown that the diffusion coefficients of TEA+ within a compact membrane made out of zeolite Y placed 

at the electrified LLI are two orders of magnitude lower than corresponding bulk values. To see if the 

fiberglass membranes used in this work affect the diffusivity of ionic species crossing the LLI located 

within its pores we correlate the slope of the experimental current – concentration dependencies with 

the theoretical values (see Fig. SI4A and SI4B). These in turn were calculated based on eq. 1, using 

previously calculated 9.6·104 as the number of pores within the membrane and 0.5 µm being the 

average pore radii. The diffusion coefficients of TMA+, TEA+, TPrA+, and TBA+ were taken from the 

literature and equal to 13.80·10-6; 10.00·10-6; 6.99·10-6 and 6.35·10-6 cm2s-1 [59]. As shown in Fig. SI4B, 

the slopes of the experimental current – concentration dependences nicely correlated with theoretical 
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values (slope was 1.2) meaning that all species can freely diffuse through the LLI supported with the 

fiberglass membrane. Also, it was found that the modified LLI interface provides a slightly elongated 

potential window (interfacial transfer of the background electrolyte ions is affected) and higher 

resistance as compared with the bare system (see Fig. SI5). 

-----------------------------------------Here Figure 5--------------------------------------------- 

1.3.3. Polyelectrolyte modified fiberglass membrane characterization 

The fiberglass membranes were modified with a polyelectrolyte multilayer by its alternative 

immersion into a 1 mg·mL-1 solution of PEI, PSS, and PHMG. Before modification, each membrane was 

activated in 1 M NaOH to ensure the negative charge at the membrane surface. The pKa of SiO2 – the 

main component of the membrane (see Fig. SI6 for infra-red spectra) - falls for the range from 2 to 4. 

Next, after thorough rinsing with distilled water, the membrane was immersed into a solution of 

branched PEI which served only as a first layer. Following that, the membrane was alternatively placed 

in a solution of PSS and PHMG until the desired number of layers was obtained. Between each 

deposition step lasting 5 min, the membrane was always rinsed with distilled water. Membrane 

modification was followed using infra-red spectroscopy, scanning electron microscopy, and atomic 

force microscopy. Fig. 6 shows the infra-red spectra recorded for the modified and unmodified 

membrane in the spectral region where the presence of polyelectrolytes could be followed, this is 

from 2500 cm-1 until 4000 cm-1. After modification three characteristic absorption bands appear with 

the peak position at 2859 cm-1, 2930 cm-1, and 3214 cm-1 that correspond to symmetric and 

asymmetric CH2 stretching (all polyelectrolytes) and N-H stretching vibrations (only PEI and PHMG) 

respectively. Broad peak spanning from 3000 cm-1 to 3500 cm-1 corresponds to the Si-OH and water 

adsorbed to the membrane surface.  

   -----------------------------------------Here Figure 6--------------------------------------------- 



13 
 

Next, we have studied the surface characteristics of bare and modified fiberglass membranes using 

SEM and AFM. Fig. 7A and 7B show membranes before and after modification with PEI(PSS/PHMG)3, 

respectively. We believe that the seemingly thin-film spanning in between single glass fibers that was 

present after the modification process (Fig. 7B) is the polyelectrolyte multilayer. As it can be noticed 

in the inset of Fig. 7B the film is not free from cracks and is decorated with white particles (presumable 

crystals of the background electrolyte). This is not surprising and most probably originates from the 

tensions causing film disruption upon drying. With AFM (Fig. 7C, 7D, and 7E) we could reveal the 

topological changes at the surface of the individual glass fibers already after first – PEI – layer 

placement. It seems that the first polyelectrolyte layer smoothens the surface of the fibers as the root 

mean square height (Sq) factor dropped from around 3.3 (+/- 1.9) nm to 1.1 (+/- 0.3) nm. Consecutive 

layers build with PSS and PHMG increase the surface roughness as the Sq raised to 7.9 (+/- 2.4) nm for 

PEI(PSS/PHMG)3. Differences in the surface topology can be also inferred directly from the AFM 

images. We found, that as the number of polyelectrolyte layers increases, the space between single 

fibers starts to be filled with support (polyelectrolyte multilayer based films) that can be reached by 

an AFM cantilever. As the size of the polyelectrolytes is significantly lower than the pore sizes within 

the fiberglass membrane the modification process during LbL processing initially occurs at the surface 

of individual fibers and in the volume of the membrane. The results obtained for thicker multilayer 

indicate that the forming polymeric film covers the opening of pores which consequently will limit the 

diffusivity of polyelectrolyte molecules into the membrane volume (pores will be blocked). At this 

point, the modification should be happening only at the membrane surface.             

-----------------------------------------Here Figure 7--------------------------------------------- 

1.3.4. Modified fiberglass membrane used as a polarized liquid-liquid interface support 

Each polyelectrolyte layer placed at the surface of the fiberglass membrane was characterized 

with ITV in the presence of four quaternary ammonium cations. We found that the ionic currents 

flowing through the LLI were affected already after first layer placement, this is PEI. Interestingly, the 
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ITVs recorded for the membrane modified with PEI (see Fig. SI 7B, 8B, 9B, 10B) gave nonrepeatable 

signals appearing within the lower potential range of the available potential window. These signals 

share some characteristics (e.g. signal asymmetry, abrupt drop in the current of the reversed peak) 

with the ITVs recorded for the PEI or PHMG studied at the non-modified LLI (see section 3.1). 

Consequently, we have attributed recorded signals to the interfacial adsorption processes of the 

organic phase anion to the polyelectrolyte species present at the surface of the fiberglass membrane. 

After second – PSS – and following layers placement the irregular current patterns disappear. Fig. 8B, 

8C, 8D, and 8E represent ITVs recorded before (black, solid curves) and after (red, dash-dot curves) 

fiberglass membrane modification with the PEI(PSS/PHMG)3 being the thickest multilayer studied. 

These result clearly show that the membrane is still permeable to TMA+ and TEA+ although the 

currents are reduced by 48% and 78%, respectively. For TPrA+ and TBA+ the ionic currents after 

modification were not recorded. Assuming the spherical shape of the studied molecules we can 

calculate their hydrodynamic radius (r) using the Einstein-Stokes equation: 

𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑟
              eq. 2 

where D is the diffusion coefficient, kB is the Boltzmann constant (1.381·10-23 m·2kg·s-2·K-1), T is the 

temperature (293 K) and η is the dynamic viscosity of water (8.90·10-4 Pa·s). Calculated r vales for 

TMA+, TEA+, TPrA+ and TBA+ equal to 0.18 nm, 0.24 nm, 0.35 nm, and 0.38 nm, respectively. With this 

in mind, and the results shown in Fig. 8A and Fig. SI7 – SI10 we can state that already after first PEI 

layer placement the membrane is nonpermeable for molecules with the r > 0.38 nm; second PSS layer 

limits the transfer of molecules with r > 0.35 nm.  

-----------------------------------------Here Figure 8--------------------------------------------- 

The fluctuations in the positive current values recorded after each layer placement (see Fig. 9A) 

observed especially for TMA+ and TEA+, and to a lesser extent for TPrA+, indicate that ions crossing the 

interface not only experience the physical barrier in a form of pores with narrowing sizes but their 

transfer across the membrane is also affected electrostatically. This can be confirmed by the 
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characteristic fluctuating current patterns shown in Fig. 9A. Especially interesting are the zig-zag 

patterns (Fig. 9B) showing the change in the free Gibbs energy  

∆(∆𝐺) = ∆𝐺𝑎𝑓𝑡𝑒𝑟 𝑚𝑜𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 − ∆𝐺𝑏𝑒𝑓𝑜𝑟𝑒 𝑚𝑜𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛                        eq. 3 

of the ion transfer reaction inferred from Fig. SI7 and SI8 for TMA+ and TEA+, respectively. ∆𝐺 is 

expressed as: 

𝛥𝐺𝑖,𝑎𝑞↔𝑜𝑟𝑔 = −𝑧𝑖𝐹𝛥𝑜𝑟𝑔
𝑎𝑞

𝜙𝑖,𝑎𝑞↔𝑜𝑟𝑔              eq. 4 

where z is the charge of the ion (z = 1), F is the Faraday constant and 𝜙𝑖,𝑎𝑞↔𝑜𝑟𝑔 is the Galvani potential 

of ion transfer taken from the ITVs. For both cations, the additional portion of energy was needed to 

trigger the interfacial ion transfer when positively charged PHMG was used as the terminating layer, 

most probably originating from the electrostatic repulsion between positively charged guanidinium 

groups and positively charged quaternary ammonium cation. When PSS was placed at the surface of 

the multilayer the change in the free Gibbs energy of the ion transfer was close to zero and slightly 

positive or slightly negative. For the latter, we can expect the electrostatic attraction that to a small 

extent facilitates the interfacial transfer. The degree of the change in the free Gibbs energy was 

significantly more pronounced (one order of magnitude) for TEA+ as compared with TMA+
. This further 

confirms that the interfacial transfer across the LLI interface supported with a polyelectrolyte 

multilayer modified fiberglass membrane is size and charge-dependent.   

-----------------------------------------Here Figure 9--------------------------------------------- 

1.4. Conclusions 

In this work the electrified liquid-liquid interface is applied to study fiberglass membranes 

modified with polyelectrolyte multilayers. In this respect four different quaternary ammonium cations 

were investigated, i.e. TMA+, TBA+, TPrA+, and TBA+. They differ in size and interfacial activety 

Polyelectrolyte multilayers were formed using PEI, PSS, and PHMG followed by a layer-by-layer 

assembly at the membrane surface. The multilayer formation was confirmed by using infra-red 
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spectrometry, scanning electron microscopy, and atomic force microscopy. The ITV data revealed that 

already after the first layer placement the modified membranes started rejecting the TBA+ from 

crossing the interface. The second layer blocked the TPrA+ from crossing the interface. Following 

polyelectrolyte layers at the membrane surface affected the interfacial transfer of TMA+ and TEA+ in 

an alternative manner showing that the membranes exhibit size and charge sieving properties. The 

electrified liquid-liquid interface offers a very simple and direct platform for the membrane 

characterization and visualization of the transmembrane ionic current.   
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Captions 

Figure 1. A – the classical glass cell used to support macroscopic LLI; B – the glass cell used to study 

the modified and unmodified fiberglass membrane supported LLI; C – the optical microscopy photo of 

the unmodified glass fiber membrane; D – schematic representation of the fiberglass membrane 

modified with polyelectrolyte multilayer. 1 and 2 are the organic phase and the aqueous phase 

counter electrodes, respectively. 3 and 4 are the Ag/AgCl reference electrodes placed in both phases 

each. PEI - poly(ethyleneimine); PSS - polystyrene sulfonate; PHMG - polyhexamethylene guanidine. 

Figure 2. Ion transfer voltammograms recorded for A – 50 µg/mL PHMG (aqueous phase: 10 mM 

NaCl); B – 50 µg/mL PEI (aqueous phase: 10 mM HCl in 10 mM NaCl); C – 50 µg/mL PSS (aqueous 

phase: 10 mM NaCl); D – blank voltammogram (aqueous phase: 10 mM NaCl). The organic phase was 

5 mM BTPPATPBCl dissolved in 1,2-dichloroethane. Scan rate was 10 mV·s-1. Structures of an 

uncharged polyelectrolyte are placed on the right from the corresponding voltammogram. 

Figure 3. A – the ion transfer voltammograms recorded in cell II, for PHMG = 20 µg/mL, for the 2nd 

(red, dot-dash curve) and 100th cycle (black, solid curve). B – forward signal peak currents normalized 

values recorded over 100 consecutive scans for pH equal to 5.0; 7.4; 10.0 and 12.0 (for the symbols 

refer to the legend available in the inset).   

Figure 4. A – ion transfer voltammograms recorded at the LLI supported with the unmodified fiberglass 

membrane in the presence (red curve) and the absence (black curve) of 150 µM TMA+Cl- initially 

dissolved in the aqueous phase. The scan rate was 20 mV·s-1. B – schematic representation of the 

fiberglass membrane supporting LLI with the hemispherical diffusion zones established on the pores 

ingress from the aqueous and the organic phase side.   
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Figure 5. Series of ion transfer voltammograms (and corresponding calibration curves – right column) 

recorded for a family of quaternary ammonium cations at the liquid-liquid interface supported with 

unmodified glass fiber membrane. The studied concentration equal to 50; 100; 150 and 200 µM. A 

and B – TMA+Cl-; C and D – TEA+Cl-; E and F – TPrA+Cl-; G and H – TBA+Cl-. The scan rate was 20 mV·s-1. 

Figure 6. Infra-red spectra recorded for unmodified (black, bottom curve) and polyelectrolyte 

multilayer modified (red, upper curve) membrane. Absorption bands of interest are indicated with 

arrows. Polyelectrolyte layer thickness – PEI(PSS-PHMG)5. 

Figure 7. A and B are the SEM micrographics recorded for the fiberglass membrane before and after 

modification with PEI(PSS/PHMG)3 multilayer, respectively. Insets show the magnification. AFM 

topological images showing unmodified glass fibers (C), glass fibers modified with PEI(PSS/PHMG)1 (D), 

and PEI(PSS/PHMG)3 (E) are given as the bottom panel. F is the root mean square height calculated as 

an average from three positions as a function of polyelectrolyte layer thickness. The number of layers 

equal to zero represents the unmodified fiberglass membrane.   

Figure 8. A – schematic and simplified representation of the polyelectrolyte multilayer growing at the 

surface of the fiberglass membrane. B, C, D, and E are the ITVs recorded before (solid, black line) and 

after (red, dash-dot lines) fiberglass membrane modification with PEI(PSS/PHMG)3 for TMA+, TEA+, 

TPrA+, and TBA+ respectively. The concentration of each quaternary ammonium cation was set to 200 

µM. Scan rate = 20 mV·s-1. 

Figure 9. A – Positive peak current values for four studied quaternary ammonium cations (see the 

corresponding legend) as a function of the layer thickness. Prepared based on Fig. SI6 – SI9. B – Change 

in the free Gibbs energy (eq. 3) of the ion transfer reaction for TMA+ and TEA+ as a function of the 

layer thickness. Prepared based on Fig. SI6 and SI7. 
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