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Abstract: The study investigates adsorption processes occurring at the surface of a cyclically renewable
liquid silver amalgam film electrode (R-AgLAFE) in mixed aqueous/organic solutions of supporting
electrolytes (SEs) containing low-molecular-weight alcohols (methanol, ethanol, 1-propanol) and the
cationic surfactant cetyltrimethylammonium bromide (CTAB). The work involved analysing
competitive adsorption phenomena in systems with different liquid-phase compositions (in the absence
and presence of 25% v/v) and 50%v,v) alcohol) and assessing their effects on the structure and properties
of the electrical double layer (EDL). It was found that the adsorption of CTAB and alcohols is
competitive, and its intensity depends on both the type and concentration of the alcohol. The most
pronounced effects occurred in the presence of 1-propanol, highlighting the roles of hydrophobic
interactions and changes in the medium's dielectric properties. The results provide new insights into
adsorption mechanisms in aqueous/organic systems.

Keywords: CTAB, differential capacitance, liquid silver amalgam electrode (R-AgLAFE), competitive
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1. Introduction

The significance of adsorption is particularly evident in the practical applications of electrochemistry,
ranging from highly sensitive analytical systems to broader areas such as electrocatalysis and energy
storage. A common approach in electrochemical research involves altering both the electrode surface
(Svancara, Sys, 2023) and the composition of the liquid phase. Typical modifiers used include organic
solvents (Gu et al., 2022; Nieszporek, 2013), electroactive monomers like guaiacol (Kiss et al., 2025), and
surfactants (Chibowski, Wisniewska, 2021; Zhang et al., 2015). In some systems, adsorption phenomena
coexist with effects explained by the cap-pair rule, which suggests donor-acceptor interactions between
the functional groups of organic molecules and depolariser species (Martyna, Nosal-Wierciriska,
Golebiowska, 2022; Sykut et al., 1978).

As a result of adsorption in the interfacial region, several physicochemical parameters change, such
as the potential of zero charge (E.), the differential capacitance of the electrical double layer (EDL), the
charge-transfer resistance (R.), and the surface tension at the potential of zero charge (yz). Studies
examining the effect of surfactants on the electroreduction of various depolarisers on metallic electrodes
(mercury, gold, amalgam) and on carbon-based electrodes, which have recently gained attention for
ecological and practical reasons (Fic, Lota, Frackowiak, 2012; Sawamoto, 2003), have confirmed these
changes. For example, the adsorption of 1-decanesulfonate anions in perchlorate(VII) solutions caused
noticeable shifts in E, and variations in EDL capacitance, showing specific adsorption interactions with
the mercury electrode surface (Gugala-Fekner, Nieszporek, and Siertko, 2015). In contrast,
electrochemical impedance spectroscopy (EIS) results of aluminium electrodes in mixed aqueous-
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organic solutions containing 1-propanol demonstrated that water molecules tend to adsorb at the
electrode-solution interface. The nearly constant differential capacitance of the EDL, regardless of
alcohol volume fraction (at a fixed NaClO, concentration), indicates that 1-propanol affects the
interfacial structure mainly indirectly, by changing the medium's dielectric properties and the solvation
network (Iwasaki, Kimura, Uematsu, 2023). However, these conclusions shouldn’t be generalised
without critical evaluation, as literature also reports that the impact of low-molecular-weight alcohols
on the EDL structure varies significantly and depends on multiple factors, including the type of
electrode, solvent, and additional solutes (Moncelli, Foresti, Guidelli, 1990; Pikma et al., 2023).

For example, in systems employing platinum or carbon electrodes, shifts in the potential of zero
charge (E.) and noticeable changes in EDL capacitance have been observed when alcohols are present.
These are attributed to their specific adsorption or coadsorption with electrolyte ions (Iwasaki, Kimura,
Uematsu, 2023; Kusu, Takamura, Watanabe, 1993; Breiter, 1962). These observations indicate that
interactions in aqueous-organic mixtures do not follow a universal pattern but rather result from a
balance of competing effects.

Despite the rapid growth of research on electrochemical systems with organic solvents and surface-
active modifiers, most existing data focus on crystalline noble-metal or carbon-based electrodes (Zhao
et al., 2024 Pikma et al., 2023). In contrast, there are few studies examining the effects of alcohols and
surfactants on the structure and properties of the EDL at amalgam electrodes, whose unique surface
features, due to the presence of a liquid metal alloy, may lead to different adsorption mechanisms.
Therefore, the aim of this study was to investigate competitive adsorption processes between CTAB and
low-molecular-weight alcohols (methanol, ethanol and 1-propanol) at the surface of a cyclically
renewable liquid silver amalgam electrode (R-AgLAFE). It was assumed that alcohols compete with
CTAB for adsorption sites, and that the extent of this effect increases with alcohol chain length and
volume fraction.

2. Materials and methods
2.1. The composition of the tested solutions

As the supporting electrolytes (SEs), aqueous solutions containing 0.5 mol-dm? sodium chlorate(VII)
(NaClOs, Fluka, 298.0%) and 0.5 mol-dm? chloric(VII) acid (HCIO,, Chempur, 70%, analytical grade) were
used. To investigate the effect of the type and proportion of low-molecular-weight alcohol, solutions of the
same basic electrolyte system were prepared in various mixed water-alcohol solvent systems (MeOH, EtOH,
1-PrOH; POCH, analytical grade), in which water was partially replaced with the corresponding alcohol in
25%v/v) or 50%v/v). All solutions were supplemented with the cationic surfactant cetyltrimethylammonium
bromide (CTAB; Ci9HsBrN) in the concentration range of 5-10° - 3-10*mol-dm?.

For clarity, the tested solutions were designated by symbols A-G:

e System A: 0.5 mol-dm3NaClO, + 0.5 mol-dm? HCIO, in water (basic solution, without alcohol) + CTAB;

e System B: 0.5 mol-dm? NaClO, + 0.5 mol-dm? HCIO, in the water-MeOH system (25%v/v) MeOH) +

CTAB;
e System C: 0.5 mol-dm?NaClO, + 0.5 mol-dm3 HCIO, in the water-MeOH system (50%,v) MeOH) +
CTAB;

¢ System D: 0.5 mol-dm?NaClO, + 0.5 mol-dm?HCIO, in the water-EtOH system (25%,v) EtOH) + CTAB;

e System E: 0.5 mol-dm?3NaClO, + 0.5 mol- dm3HCIO, in the water-EtOH system (50%,v) EtOH) + CTAB;

e System F: 0.5 mol-dm?NaClO, + 0.5 mol-dm?HCIO, in the water-1-PrOH system (25%,v) 1-PrOH) +

CTAB;
¢ System G: 0.5 mol-dm?NaClO, + 0.5 mol-dm? HClO, in the water-1-PrOH system (50%,v) 1-PrOH) +
CTAB.

2.2. Differential capacity measurements

Differential capacity measurements were performed using a pAutolab type III electrochemical analyser
equipped with GpES software version 4.9 (EcoChemie B.V. Utrecht, The Netherlands) and a
programmable electrode stand M165D (mtmanko, Krakéw, Poland). All experiments were carried out
in a three-electrode cell comprising:
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e the working electrode - a cyclically renewable liquid silver amalgam film electrode
(R-AgLAFE) (Nosal-Wierciniska et al., 2021) with an active surface area of 0.19822 cm?;

o the reference electrode - a silver/silver chloride (Ag/AgCl) electrode in 3 mol-dm=KCl;

¢ and the auxiliary electrode - a platinum spiral.
All measurements were performed at a constant temperature of 25 °C, recording the dependence of the
electrical double layer (EDL) capacitance at the R-AgLAFE/ electrolyte interface over the full range of
electrode polarisation. Differential capacity curves determined within the frequency range 200-1000 Hz
were extrapolated to zero frequency, thereby eliminating the dispersive component and enabling the
determination of parameters corresponding to the stabilised EDL structure (Lasia, 2014; Pajkossy, 2005).
This procedure enabled the distinction between variations arising from the reorganisation of the
electrical double layer and purely dynamic effects associated with mass transport and changes in
solution resistance (Lasia, 2014).

2.3. Determination of zero charge potential and surface tension

The potential of zero charge (E,) was determined using a streaming electrode with an accuracy of 0.1
mV. The surface tension at the potential of zero charge (y,) (with an accuracy of £0.2 mN-m') was
measured by the maximum bubble pressure method, originally developed by Schiffrin (Schriffrin, 1969)
and and later applied in electrochemical studies by Nosal-Wierciriska (2010) (Nosal-Wierciriska, 2010).
The obtained E, and y, values provided the basis for evaluating the influence of the investigated
surfactants and organic solvents on the electrostatic and structural properties of the electrical double
layer (EDL). A similar procedure has been successfully applied in several studies, for example, in
assessing the effect of nicotinamide adsorption at the Hg/solution interface on the electroreduction of
Zn2* jons (Nieszporek, 2020).

The cell constant (K,;) of the electrochemical vessel was determined using a capillary electrometer
and standard electrolyte solutions of KCI, NaCl, and KNOs. The measurement was carried out by
recording the height of the mercury column (h,) corresponding to the potential of zero charge (E,) in
each standard solution. The obtained value of K..; = 8.62 was used exclusively for calculating the
surface tension at the potential of zero charge (y,) for the investigated systems. The use of simple
electrolyte solutions with well-characterised properties as standard systems enabled precise
determination of K_,;. It ensured comparability of results in subsequent measurements.

2.4. Determination of the critical micelle concentration (CMC)

The critical micelle concentration (CMC) of the investigated surfactants in the applied aqueous-organic
systems was determined using the viscosimetric method with a CVO 50 rotational rheometer (Bohlin
Instruments) coupled to a computer and an RTE 111M thermostat (NesLab). For selected systems
containing both the surfactant and the organic solvent (methanol, ethanol or 1-propanol), the threshold
concentration at which molecular self-assembly into micelles occurs was determined (Bhattarai, 2015).
This parameter plays a key role in the present study, as it defines the point at which the dominant
mechanism of surfactant interaction with the R-AgLAFE surface may change, from adsorption of
individual molecules to potential deposition of micellar structures. The determination of the CMC,
therefore, enabled assessment of the extent to which modification of the liquid-phase composition
influences the organisation of the surfactant in the near-electrode region. Each measurement was
performed in triplicate, and the reported CMC values correspond to mean values with an estimated
experimental uncertainty of + 0.15-10- mol-dm-3.

3. Results and discussion
3.1. Differential capacity measurements

Comparison of the differential capacitance curves (Fig. 1) obtained for solutions containing CTAB with
that of the basic electrolyte alone allows two characteristic potential regions to be distinguished: E < -
0.3 Vand E <-1.35 V. In the first region, an increase in differential capacitance is observed, accompanied
by the appearance of CTAB adsorption peaks, whose heights increase markedly with increasing
surfactant concentration. The potentials of these peaks shift towards more negative values.
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The second region (Fig.1) corresponds to desorption peaks that systematically decrease in intensity
while maintaining their positions up to a CTAB concentration of 8104 mol-dm3. Above this
concentration (corresponding to the critical micelle concentration, CMC), a sharp increase in peak
heights is observed, accompanied by a shift in their potentials. This behaviour suggests a reorganisation
of the surfactant within the adsorbed layer, indicative of the formation of hemimicelles: surface
aggregates representing a transitional form between the adsorbed monolayer and micelles in solution
(Paria, Khilar, 2004).
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Fig. 1. Differential capacitance curves for system A: 0.5 mol-dm-3 NaClOy + 0.5 mol-dm-3 HCIO4 and in the
presence of CTAB (5.0-10-5-3.0-10-3 mol-dm-3)

Figs. 2-4 present the differential capacitance curves obtained for solutions containing a fixed
methanol concentration (25%/v)) and varying CTAB concentrations. Comparison of these
dependencies indicates that the introduction of CTAB into the basic electrolyte solution (chlorate(VII) +
25% (v/v) alcohol)increases the differential capacitance, as evidenced by the appearance of an adsorption
peak and a characteristic desorption peak of CTAB. Both peaks increase in height with increasing CTAB
concentration, while the adsorption peaks exhibit a noticeable shift towards more negative potentials.
It should be noted, however, that the capacitance curves show a distinctly altered shape in the potential
range -0.85 to -1.3 V (Figs. 2-3) compared with those recorded for the chlorate(VII)/CTAB system (Fig.
1). Additional peaks appear, which may indicate a reorganisation of the EDL structure due to
coadsorption of CTAB and methanol. It should be emphasised that CTAB adsorbs chemically, whereas
methanol adsorbs physically (specifically) (Sawamoto, 2003; Yafiez, Gutiérrez, Ureta-Zafartu, 2003).
Methanol competes with CTAB for adsorption sites on the electrode surface; however, CTAB clearly
dominates in forming mixed adsorbed layers. Nevertheless, the formation of hemimicelles or micelles
(CMC = 8-10* mol-dm?) and their mutual interactions with alcohol molecules cannot be excluded, as
this may lead to the development of more or less compact structures within the adsorbed layer
(Bhattarai, 2015).

The differential capacitance curves recorded for solutions containing a constant alcohol
concentration (50% /vy methanol) and increasing concentrations of CTAB are shown in Figures 5 and 6.
The observed features of the curves indicate physical adsorption of aliphatic alcohols, with distinct
adsorption and desorption peaks and variations, including a peak in the region of strong adsorption
(approximately -0.4 V). The introduction of CTAB into this system, and the subsequent increase in its
concentration, result in a decrease in the intensity of this peak (around -0.4 V), whereas the adsorption-
desorption peaks increase in height in a typical manner and exhibit slight shifts in their potential
positions. Such behaviour indicates the dominance of CTAB adsorption within the mixed adsorbed
layer (Gisbert-Gonzdlez et al.,, 2023; Knag, Sjoblom, Gulbrandsen, 2005). A pronounced increase in
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Fig. 2. Differential capacitance curves for system B: 0.5 mol-dm-3 NaClO; + 0.5 mol-dm-3 HCIO, /25%(v,v) MeOH
and in the presence of CTAB (5.0-10-5-3.0-103 mol-dm3)
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capacitance (around -0.05 V and -1.1 V) and a distinct decrease (near -0.4 V) are also observed from a
CTAB concentration of 8-10-* mol-dm? onwards. This concentration, determined experimentally in the
present study, corresponds to the critical micelle concentration (CMC), identifying the formation of
hemimicelles or micelles. The possibility of synergistic interactions between these molecular species
cannot be ruled out.

The differential capacitance curves obtained for system D, containing 25%,v) ethanol and increasing
concentrations of CTAB (Figs. 7-8), exhibit characteristic adsorption peaks in the positive potential
range (~0.0-0.15 V) (Fig. 7). In comparison with the methanolic systems, where a distinct adsorption
peak of the alcohol itself was observed (Fig. 5), in the presence of ethanol this feature is only weakly
pronounced (around -0.4 V). This indicates a weaker contribution of ethanol to the establishment of the
adsorption equilibrium. With increasing surfactant concentration, the peak heights systematically
increase, and their potentials shift slightly towards more negative values. This behaviour most likely
reflects competitive adsorption between ethanol and CTAB within the adsorbed layer, with CTAB
clearly predominating in the interfacial adsorption process (Gisbert-Gonzdlez et al., 2023; Knag,
Sjoblom, Gulbrandsen, 2005).
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Fig. 5. Differential capacitance curves for system C: 0.5 mol-dm-3 NaClOy + 0.5 mol-dm-3 HCIO; /50% vy MeOH
and in the presence of CTAB (5.0-10-5-3.0-10-3 mol-dm3)
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Fig. 6. Differential capacitance curves for system C: 0.5 mol-dm-3 NaClOy + 0.5 mol-dm-3 HCIO; /50% /vy MeOH
and in the presence of CTAB (5.0-10-5-3.0-103 mol-dm3)
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Fig. 8. Differential capacitance curves for system D: 0.5 mol-dm- NaClOy + 0.5 mol-dm-3 HCIOy /25%v,v) EtOH
and in the presence of CTAB (5.0-10-5-3.0-103 mol-dm3)

In the negative potential range (-0.95 to -1.4 V), the differential capacitance curves obtained for the
system containing 25% (v,v) ethanol (Fig. 8) display markedly different behaviour compared with those
for methanolic solutions. The desorption peaks are poorly defined, noticeably broadened, and
significantly lower in intensity than those observed for systems B and C, a difference particularly
evident at the highest CTAB concentrations. In the presence of methanol, an increase in surfactant
concentration leads to a systematic increase in the desorption peak height. In contrast, in the presence
of ethanol, these changes are more subdued and do not reach such high values. It is noteworthy that the
desorption peak initially decreases for the two lowest concentrations of CTAB. This most likely indicates
hindered organisation of the adsorbed layer in the presence of ethanol. Only from approximately the
fourth CTAB concentration (= 3-10- mol-dm-) does the peak begin to rise again, eventually exceeding
the value recorded for the basic electrolyte solution without the surfactant. This behaviour suggests that
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ethanol initially competes strongly with CTAB for adsorption sites, thereby destabilising the interfacial
layer. However, at higher surfactant concentrations, CTAB assumes a dominant role, enabling the
formation of mixed adsorbed structures (Gisbert-Gonzalez et al., 2023; Wall & Zukoski, 1999).
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Fig. 9. Differential capacitance curves for system E: 0.5 mol-dm-3 NaClO; + 0.5 mol-dm-3 HCIO4 /50%v,v) EtOH
and in the presence of CTAB (5.0-10-5-3.0-10-3 mol-dm3)

In the system containing 50% ethanol (E) (Fig. 9), no distinct alcohol adsorption peak (~-0.40 V) is
observed. CTAB predominantly shapes the adsorbed layer in this case. The surfactant adsorption peak
increases with concentration, though in a non-linear manner. At lower concentrations (5-105 - 1.10+
mol-dm?), the peak height increases moderately, while above 3-104 mol-dm?® a pronounced
enhancement is observed, indicative of layer densification and the onset of surface aggregation (CMC
~ 5.104 mol-dm3). The peak maximum shifts towards more negative potentials (~+0.10 — -0.05 V), and
its width initially decreases (signifying ordering) before broadening again at the highest concentration,
suggesting the formation of hemimicellar or mixed CTAB-alcohol micelle structures (Bielawska et al.,
2013). Compared to the methanolic systems, the peaks appear cleaner (with negligible alcohol
contribution) and the growth dynamics are less abrupt, indicating that, at high ethanol content, the
dominant role of CTAB in the adsorbed layer is again evident.
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Fig. 10. Differential capacitance curves for system E: 0.5 mol-dm- NaClO; + 0.5 mol-dm-3 HCIO, /50%,vy EtOH
and in the presence of CTAB (5.0-10-5-3.0-103 mol-dm3)
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In the negative potential range for system E (Fig. 10), the differential capacitance curves exhibit a
complex desorption pattern that differs significantly from the previous systems (A-D). The desorption
peak of the blank (0) is the highest and narrowest, indicating facile and homogeneous desorption of the
solvent layer and the basic electrolyte ions. Upon addition of CTAB, the C1 peak remains relatively
high. Still, from C2 to C5, the peak maximum systematically decreases, the curves become poorly
defined, and the peak position shifts towards more positive potentials (for C5, the lowest signal and the
most pronounced shift are observed). This behaviour indicates that at low and moderate CTAB
concentrations, the surfactant displaces solvent molecules and binds more strongly to the amalgam
electrode surface, most likely leading to a more disordered desorption mechanism and the formation of
an adsorbed layer with heterogeneous structure. Only above the micelle formation threshold (CMC =~
8-10#mol-dm3), i.e., for C6 and C7, a sharp increase in desorption peak height is observed, accompanied
by a further shift of the peak maxima towards more positive potentials. In this range, the signal
corresponds to the desorption of surface aggregates (hemimicelles/micelles), which cooperatively
detach from the electrode, reflecting a transition toward more thermodynamically stable structures that
form to minimise the system’s free energy (Rosen, Kunjappu, 2012). It can therefore be concluded that,
in the presence of ethanol, CTAB forms looser, more aggregated surface layers, in which solvent
competition weakens hydrophobic interactions and promotes reorganisation into less-ordered
interfacial structures (Bielawska et al., 2013).

300,00
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Fig. 11. Differential capacitance curves for system F: 0.5 mol-dm- NaClO, + 0.5 mol-dm-3 HCIO, /25%v,v) 1-PrOH
and in the presence of CTAB (5.0-10-5-3.0-103 mol-dm3)

In the more positive potential region, the differential capacitance curves for system F (25% /v 1-
PrOH) (Fig. 11) differ markedly from those obtained for the methanolic and ethanolic systems. No
distinct alcohol adsorption peak (~-0.40 V), characteristic of methanol, is observed, nor even its weak
outline noted in the ethanolic system: the adsorbed layer in this case is shaped almost exclusively by
CTAB. The main CTAB adsorption peak increases with surfactant concentration, exhibiting moderate
growth at lower concentrations (C1-C4), while a pronounced enhancement of the signal occurs from C5
onwards. The peak maximum gradually shifts towards more negative potentials (from approximately
+0.10 V to around 0 V to -0.05 V). At higher CTAB concentrations (C5-C7), a second peak appears at
approximately -0.40 V. Its occurrence, dependent on CTAB concentration, does not correspond to the
“pure” alcohol adsorption observed in the methanolic or ethanolic systems, but rather indicates a
cooperative reorganisation of the surfactant adsorption layer and the onset of hemimicelle formation,
most likely accompanied by displacement of 1-PrOH molecules from the interfacial region (Bielawska
et al.,, 2013, Wall, Zukoski, 1999). The width of the central peak initially decreases (reflecting layer
ordering) and subsequently increases again for C7, confirming a transition from adsorption of
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individual CTAB monomers to surface aggregation processes. Compared with systems B-E, system F,
containing 1-PrOH, exhibits lower and broader peaks, indicative of weakened adsorption dynamics
and, most likely, stronger competition between alcohol molecules and CTAB for adsorption sites on the
electrode surface.
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Fig. 12. Differential capacitance curves for system F: 0.5 mol-dm- NaClO, + 0.5 mol-dm-3 HCIO, /25% v,v) 1-PrOH
and in the presence of CTAB (5.0-10-5-3.0-103 mol-dm3)

In the more negative potential region, the differential capacitance curves for system F (25%/v) 1-
PrOH) (Fig. 12) display a markedly different behaviour compared with the previously studied mixed
aqueous-organic systems. Even for the blank (0), the desorption signal exhibits an extended profile.
Instead of a single sharp maximum, several overlapping, partially developed peaks are observed,
suggesting that the mere presence of 1-PrOH induces a complex, multistep reorganisation of the
adsorbed layer and likely partial cooperative interactions between alcohol molecules and other ions in
solution. Upon the addition and gradual increase of CTAB concentration, the signal shape becomes even
more complex and changes non-linearly. The peaks broaden, often displaying more than one maximum,
and their heights are significantly lower than those observed in methanolic systems. With increasing
CTAB concentration (C1-C5), a gradual flattening and splitting of the desorption peak is observed,
indicating the superposition of desorption processes involving various molecular species within the
mixed adsorbed layer, from CTAB monomers coordinated with alcohol molecules to loosely ordered
aggregates. Only at concentrations approaching the CMC (C6-C7) does a more pronounced increase in
signal intensity appear, which can be attributed to collective reorganisation and desorption of CTAB
hemimicelles. However, even under these conditions, the curves remain less steep and more dispersed
than those recorded for methanolic or ethanolic solutions. Overall, these findings indicate that 1-PrOH
exerts the strongest disruptive influence on the desorption process, promoting a multistep release
mechanism of molecules from the surface of the R-AgLAFE amalgam electrode in mixed aqueous-
organic electrolyte solutions.

In system G, containing 50% /vy 1-PrOH (Fig. 13), the differential capacitance curves exhibit a
distinct, well-defined adsorption peak of CTAB, whose intensity increases with rising surfactant
concentration. The peak maximum shifts towards more negative potentials (from approximately +0.05
V to around 0 V), while its width decreases. Compared with the methanolic and ethanolic systems, the
curves display a more regular profile, without additional peak features in the region of -0.40 V,
suggesting a reduced contribution of the alcohol to the formation of the adsorbed layer. The adsorption
of CTAB clearly dominates, and the high concentration of 1-PrOH (50% (v/v)) appears to stabilise the
structure and the presence of specific molecular forms within the surface layer.
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Fig. 13. Differential capacitance curves for system G: 0.5 mol-dm=3 NaClO, + 0.5 mol-dm-3 HCIO, /50%v,v) 1-PrOH
and in the presence of CTAB (5.0-10-5-3.0-103 mol-dm3)
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Fig. 14. Differential capacitance curves for system G: 0.5 mol-dm-=3 NaClO, + 0.5 mol-dm-3 HCIO, /50%v,v) 1-PrOH
and in the presence of CTAB (5.0-10-5-3.0-103 mol-dm3)

In the negative potential range, the differential capacitance curves for system G (Fig. 14) exhibit a
multistep, non-linear desorption behaviour. The desorption peak of the blank (0) is low and broad, with
several minor maxima, reflecting solvent desorption. Upon the addition of CTAB, even at the lowest
concentration (C1), a distinct, sharp signal appears around -1.05 V, accompanied by additional, smaller
peaks at more negative potentials. For subsequent concentrations (C2-C4), a pronounced signal splitting
is observed: instead of a single desorption peak, groups of partially overlapping and irregular maxima
emerge, differing in both intensity and position. This pattern suggests a multistage desorption process
involving various structural forms of CTAB, from individual molecules to surface aggregates stabilised
by the presence of alcohol. Only from C5 onward do the profiles become partially ordered; at C6 and
C7, a dominant, tall, and relatively narrow peak appears, though smaller maxima still accompany it.
This indicates the coexistence of multiple structures within the adsorbed/desorbed layer, including
hemimicelles, loosely packed aggregates, and dense CTAB domains, each desorbing at different
energies (Zhang, Somasundaran, 2006; Paria, 2004). The high 1-PrOH content appears to enhance
further these instabilities: screening of the cationic headgroups and reduced hydrophobic interactions
result in a multistep, strongly nonlinear, and inherently unpredictable desorption sequence.
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3.2. Determination of zero charge potential and surface tension

The values of the zero-charge potential (E,) and the corresponding surface tension (y.) are summarised
in Tables 1-3 for the mixed chlorate(VIl)/alcohol systems, both in the absence and in the presence of
CTAB.

Table 1. The values of the zero-charge potential (E;) and the corresponding surface tension (y.) for the mixed
aqueous-methanolic SEs, both in the absence and in the presence of CTAB

Cwmeon [%]
Ceras 0 25 50
[mol-dm] E, Yz E, Yz E, '
[mV] | [mMNm-1] | [mV] | [nNm1] | [mV] | [nNm-]
0 -435.9 451.7 -384.6 436.2 -276.4 432.7

5105 -448.0 449.1 -397.1 432.7 -268.6 430.1
8105 -440.4 447.3 -391.4 431.6 -298.4 426.0
1.10+4 -435.6 448.2 -388.9 431.9 -335.8 4224
3104 -425.1 435.7 -377.3 427.8 -304.9 422.8
8-10+4 -366.5 4252 -367.2 426.2 -312.0 419.7
1.103 412.1 4241 -364.6 425.0 -304.6 420.7
3103 -399.3 415.8 -353.1 420.6 -317.4 418.2

Table 2. The values of the zero-charge potential (E;) and the corresponding surface tension (y.) for the mixed
aqueous-ethanolic SEs, both in the absence and in the presence of CTAB

Ceron [%]
Ccras 0 25 50
[mol-dm] E, Yz E, Yz E, '
[mV] | [mMNm-1] | [mV] | [nNm1] | [mV] | [nNm-]
0 -435.9 451.7 -297.2 4241 -245.6 409.5

5105 -448.0 449.1 -315.3 423.2 -225.7 411.2
8105 -440.4 447.3 -304.6 423.1 -226.1 410.9
1.10+4 -435.6 448.2 -295.6 4224 -226.4 409.5
3-10+4 -425.1 435.7 -292.0 417.6 -228.8 409.7
8-104 -366.5 4252 -288.3 405.7 -230.5 410.5
1.103 412.1 4241 -286.4 399.1 -232.2 412.0
3103 -399.3 415.8 -272.3 390.8 -219.9 413.5

Table 3. The values of the zero-charge potential (E;) and the corresponding surface tension (y.) for the mixed
aqueous-1-propanolic SEs, both in the absence and in the presence of CTAB

Cipron [%]
Cerap 0 25 50
[mOI ' dm-?’] E, Yz E, Yz E, Yz
[mV] | [MNm-1] | [mV] | [nNm1] | [mV] | [MNm-1]
0 -435.9 451.7 -257.0 441.3 -239.5 432.3

5105 -448.0 449.1 -248.4 443.9 -247.5 430.1
8105 -440.4 447.3 -255.0 442.2 -244.1 431.9
1.10+4 -435.6 448.2 -264.5 438.8 -239.8 433.6
3-10+4 -425.1 435.7 -278.3 437.9 -245 431.9
8-10+4 -366.5 4252 -279.3 435.3 -252.1 428.4
1.103 412.1 4241 -306.4 4344 -236.8 434.5
3103 -399.3 415.8 -281.6 432.7 -95.3 455.1
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It was observed that the addition of alcohols causes a shift of E, towards more positive potentials,
accompanied by a decrease in y; (Ehrlich, Ehrlich, Janes & Lust, 1999). Such changes suggest that alcohol
and surfactant molecules interact with the electrode surface, altering the local charge distribution within
the mixed adsorbed layer. These observations may reflect different orientations of alcohol molecules at
the R-AgLAFE electrode/solution interface, particularly in the case of ethanol and 1-propanol.
According to the concept proposed by Frumkin (1925) and Parsons (1969), a positive shift in E, indicates
the presence of positively charged surfactant species in the near-electrode layer, while a reduction in vy,
is associated with the adsorption of organic molecules and a decrease in surface energy. Similar
adsorption effects have been previously reported (Nosal-Wierciriska, 2010; Damaskin, B., Kazarinov,
V.E., 1980). The obtained relationships between the zero-charge potential and the surface tension are
consistent with the trends observed in the differential capacitance curves, confirming that complex and
competitive adsorption processes occur at the R-AgLAFE/solution interface.

4. Conclusions

The results provide experimental evidence for the coexistence of competitive and cooperative effects in
the adsorption of surfactants and alcohols, phenomena rarely examined by electrochemical methods.
Simultaneous analysis of changes in differential capacitance, zero-charge potential (E,), and surface
tension (y;) revealed the dynamic nature of adsorption at the R-AgLAFE/solution interface. This
indicates that the adsorption equilibrium is not maintained. The observed relationships demonstrate
competitive interactions between ions present in the solutions, which influence the variable structure of
the mixed adsorbed layer. Alcohols act as co-modifiers of the interfacial region, affecting both the local
dielectric properties and the mode of CTAB adsorption. Depending on the alcohol's carbon chain length,
different effects on adsorption equilibrium were observed: methanol generally maintains equilibrium,
whereas ethanol and 1-propanol destabilise it. These findings fill an existing research gap, showing that
for the R-AgLAFE silver amalgam electrode, the co-adsorption of cationic surfactants and low-
molecular-weight alcohols results in structurally heterogeneous adsorbed layers whose organisation is
difficult to predict and control under the experimental conditions used.
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