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Abstract. This article provides a comprehensive review of the corrosion behavior of lead in hydrochloric acid
(HC) solutions, a critical area of study due to its industrial relevance and environmental implications. Lead,
known for its malleability and resistance to corrosion, exhibits complex degradation mechanisms when exposed
to acidic environments. The research examines the electrochemical processes involved, including the dissolution
of lead and the formation of soluble lead species, particularly focusing on the transition from lead carbonate to
lead chloride. Various factors influencing corrosion rates, such as HCIl concentration, temperature, and
environmental conditions, are discussed. Additionally, this review highlights recent advancements in corrosion
inhibition strategies aimed at mitigating lead degradation. Understanding these mechanisms is
essential for extending the lifespan of lead-based materials in industrial applications and addressing
environmental concerns associated with lead exposure.
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1 Introduction

Lead, an element of significant historical and industrial
importance, is one of the 36 elements constituting the
Earth’s crust. It is a chemical element classified within the
carbon group, with the symbol Pb and atomic number 82.
The name “lead” is derived from the Latin term “plumbum,”
which translates to “liquid silver.” This bluish-gray metal is
characterized by its brilliance, malleability, ductility, and
low melting point, making it easy to work with in various
applications. Lead is one of the heaviest metals widely
utilized in metallurgical activities since antiquity and
rediscovered during the Industrial Revolution [1]. Lead
exhibits several notable properties that contribute to its
extensive use across various industries. It has a relatively low
melting point of approximately 327.5°C and a boiling point
of about 1,740 °C. Its density is high, around 11.34 g/cm® at
room temperature, which makes it advantageous in
applications requiring weight and stability. Despite its
beneficial properties, lead posessignificant health risks due to
its toxicity [2]. It has been classified as a probable human
carcinogen and is known to have mutagenic and reproductive
toxicity effects [3]. Therefore, while lead remains an essential
material in many applications [4-6], including batteries,
radiation shielding, plumbing fixtures, and solder, it is
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critical to manage its use carefully to mitigate health risks
associated with exposure [7], and to be able to recycle it
[8]. Lead is also recognized for its excellent resistance to
corrosion, which allows it to maintain integrity in various
environmental conditions. However lead exhibits complex
corrosion behavior that varies significantly depending on
the environment [9-11]. While it demonstrates high
resistance to certain acids like acetic [12], sulfuric [13],
chromic, and phosphoric due to the formation of
protective layers, its behavior in hydrochloric acid HCI
presents unique challenges and opportunities for study.
The corrosion of lead in HCI is a critical area of research
with far-reaching implications for various industries and
environmental concerns. When exposed to acidic environ-
ments, particularly HCI, lead undergoes significant
corrosion, leading to material degradation and potential
environmental hazards. The study of lead corrosion in HCI
is paramount for several reasons:

— Industrial relevance: Lead is utilized in chemical
processing equipment [14], battery manufacturing, and
other applications where exposure to HCI is possible.

— Environmental impact: The release of lead ions due to
corrosion poses significant environmental and health
risks, necessitating a thorough understanding of the
corrosion process [15].

— Material performance: Comprehending corrosion
mechanisms is crucial for predicting and extending the
lifespan of lead-based materials in acidic environments.
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Table 1. Summary of Corrosivity Classes and Kinetics; values of corrosion rates are from [27].

Corrosivity level Environmental conditions Corrosion rate (mg - m™2 - yr™*) Corrosion rate (pm/yr)
C1 — Very Low Clean air <40 <0.1

C2 — Low Low pollution 40 — 150 0.1 -04

C3 — Medium Moderate pollution 150 — 400 04 -10

C4 — High High salinity 400 — 700 1.0 - 1.8

C5 — Very High Aggressive atmosphere 700 — 1600 1.8 — 4.0

— Corrosion protection: Knowledge of the corrosion
process is essential for developing effective protection
strategies and corrosion inhibitors.

— Archaeological artifacts: HCl is often used as a
cleaning agent for archaeological artifacts, making it
essential to understand its potential impact on lead-
based historical objects [16].

Despite environmental concerns and stricter regula-
tions leading to the search for alternatives, lead still finds
applications in various industries. The lead market size has
grown rapidly in recent years. It will grow from $19.16
billion in 2024 to $21.38 billion in 2025 at a compound
annual growth rate of 11.6% [17]. Its use in sealing
underground power and communication cables, lead-tin
solders, electrode plates in lead-acid storage batteries, and
chemical processing underscores the ongoing need to
understand and mitigate its corrosion behavior, particu-
larly in acidic environments like HCI.

This review aims to provide a comprehensive overview
of the current understanding of lead corrosion in HCI
solutions. We will examine the fundamental mechanisms of
corrosion, factors influencing the corrosion rate, methods of
study, and the modeling of lead corrosion. Additionally, we
will discuss recent advancements in corrosion inhibition.

2 Atmospheric corrosion of lead

2.1 Overview

The formation of corrosion products in atmospheric
conditions plays a significant role in protecting metals
by creating thin layers that limit further corrosion. The
nature of these products varies depending on the exposure
conditions and the presence of pollutants [11,18]. The
corrosion of lead in atmospheric conditions has been
extensively studied since the late 19th century, with early
contributions such as those by Gaines [19]. Common
corrosion products of lead include oxides, carbonates, and,
in the presence of specific pollutants, chlorides, sulfides,
and organic compounds like acetates and formates. Lead
(II) oxide (PbO), often in the form of litharge, typically
forms first in clean environments and is around 3 to 6 nm
thick [20,21]. Removing these corrosion products from
historical lead artifacts is challenging, particularly in
hydrochloric acid (HCI) solutions [18].

Different environments distinctly influence the corro-
sion mechanisms of lead, with urban and rural settings
producing notably different corrosion products due to
varying pollutant levels. In urban environments, the
presence of sulfur dioxide (SO;) from industrial emissions
accelerates the formation of lead sulfate (PbSO,),
significantly increasing corrosion rates [22]. These pollu-
tants not only promote the formation of corrosive products
but also disrupt the protective oxide layers that typically
form on lead surfaces, rendering the metal more susceptible
to degradation. Conversely, in rural environments, where
pollution levels are lower, lead predominantly reacts with
carbon dioxide (CO;) and humidity to form more stable
carbonate compounds such as cerussite (PbCOj3) and
hydrocerussite (Pbs(COj3)o(OH)y) [23]. This difference
underscores the impact of specific atmospheric constituents
on the corrosion process, with carbonates being the
primary corrosion products in less polluted areas. Moisture
is a crucial factor in the corrosion of lead, as it facilitates
electrochemical reactions on the metal’s surface. The
combination of humidity and pollutants creates an
environment conducive to rapid corrosion, especially in
outdoor settings where lead artifacts are continuously
exposed to atmospheric conditions. Sulfur-rich environ-
ments further complicate this process, with the formation
of lead sulfides and sulfates, particularly anglesite (PbSOy),
as common corrosion products. Indoor environments, such
as museums, generally exhibit slower corrosion rates due to
controlled atmospheric conditions. However, these settings
are not entirely immune to corrosion, particularly from
volatile organic compounds (VOCs). Lead shows height-
ened susceptibility to VOCs, especially volatile organic
acids like acetic acid, which can lead to the formation of
lead acetate and formate, thus accelerating corrosion [24].
Elevated VOC levels necessitate careful monitoring in
areas where lead artifacts are stored or displayed to
mitigate corrosion risks [25].

The classification of atmospheric environments accord-
ing to the ISO 12944-2 standard provides a framework to
understand the varying corrosivity levels, from very low
(C1) to very high (C5), which directly impacts the
corrosion rates of lead [26]. As shown in Table 1, lead
corrosion rates range from 0.05 pm/yr in controlled indoor
environments to 14 pm/yr or more in highly corrosive
outdoor environments [27,28].
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Table 2. Lead corrosion rates in various environments [27,28].

Exposure period (yr) Main corrosion products

Environment Corrosion rate (pm/yr)
Urban Outdoor 0.8 —1.2

Rural Outdoor 0.3 - 0.6

Indoor (Museum) 0.05 — 0.2

Indoor (Uncontrolled) 0.2 —-0.5

1-4 Lead sulfate, lead carbonate
1-4 Lead carbonate, lead oxide
1-4 Lead oxide, lead carbonate
1-4 Lead carbonate, lead acetate

Lead corrosion rates and mechanisms in outdoor and
indoor settings have been compared, offering valuable
insights into the environmental factors that influence lead
degradation [28]. Quantitative data on corrosion rates,
enabling a more precise understanding of lead’s long-term
behavior in diverse atmospheric environments is presented
in Table 2. This research is particularly noteworthy for its
practical implications in heritage conservation, as it
provides crucial information for preserving lead artifacts
in museums and historical sites. Lead in urban environ-
ments, such as on the rooftops of cathedrals, undergoes
accelerated corrosion due to industrial pollutants, leading
to significant material loss over time [19]. In contrast, lead
artifacts in museums show slower corrosion rates,
but specific VOCs such as formic acid can lead to
localized deterioration, necessitating precise environmen-
tal control [25].

2.2 Atmospheric corrosion in an environment polluted
by HCI

Hydrogen chloride HCI(g) can be present in the environ-
ment due to industrial emissions, volcanic activity, or
marine aerosols [29,30], and it can exacerbate corrosion
processes by lowering the dew point temperature [31], thus
increasing the likelihood of moisture condensation on metal
surfaces and promoting electrochemical reactions. Indeed,
an humid air polluted by HCI consists of a gas that is a
strong acid that completely ionizes in aqueous solution. In
the presence of water, HCl(g) tends to be trapped by the
liquid. If the water content in the air is sufficiently high, a
condensation phenomenon may occur. In the absence of
HCI(g), the conditions (in terms of temperature T, pressure
P, and relative humidity HR) for the appearance of these
droplets can be predicted thermodynamically. However,
the values of the parameters leading to condensation are
modified by the presence of HCI(g). To evaluate the dew
point temperature in the presence of HCIl, Kiang
established a relationship between the partial pressures
of water and hydrogen chloride and the dew point
temperature [31]:

1000
= 3.7368 — 0.1591In Pg,0 — 0.0326 In P¢y
DP

+0.00269 In Ppc;In Pr,o

(1)

where T ppis the dew point temperature in Kelvin, and P g o
and Py are the partial pressures in mmHg. Experimentally,
the partial pressures were measured by Fritz and Fuget [32]

above dilute acid solutions and by Zeisberg [33|. For low
concentrations of HCI(g), the dew point temperature of the
gas mixture is lower than the dew point temperature of pure
water. The pollutant HCl appears to have little impact in
relation to water. However, for high pressures of HCI (a few
tens of ppm), the dew point temperature of the mixture can
become higher than that of pure water. For example, if the
partial pressure of water is 1000 Pa, the dew point
temperature of pure water is 6.96 °C. A partial pressure of
HCl of 10 ppm is sufficient to yield a dew point temperature
exceeding that of pure water by 8.6 °C. The fact that the dew
point temperature of an HoO/HCI mixture is higher than
that of pure water is consistent with the notion that a
pollutant increases the dew point temperature [22].

The corrosion mechanism of lead in hydrochloric acid
solutions involves several interrelated processes that
contribute to its degradation (Tab. 3). The corrosion
mechanism of lead in humid and Hecl polluted environement
is significantly influenced by the transition from lead
carbonate PbCOj3 to lead chloride PbCly [23]. In the
presence of HCl, the acidic environment facilitates the
dissolution of PbCQOj3, leading to the formation of soluble
PbCly: the solubility product (Ksp) of PbCO;3 is much
lower than that of PbCls [35], indicating that PbCOj3 tends
to precipitate and form solid deposits more readily than
PbCl,. This means that in acidic environments like
hydrochloric acid, the presence of chloride ions can lead
to the dissolution of lead carbonate and the formation of
soluble lead chloride, which can significantly influence the
corrosion behavior of lead. The formation of PbCl, can also
lead to the establishment of a passivating layer that may
inhibit further corrosion; however, this layer’s stability can
be compromised under various conditions, such as changes
in chloride ion concentration or pH levels. The dynamics of
this corrosion process are complex, with the dissolution of
lead being closely linked to the concentration of HCI, the
temperature, the electrolyte size. The complexity of lead
oxidation and mineral formation depends significantly on
environmental conditions, highlighting the dynamic sur-
face chemistry of lead when exposed to different atmo-
spheric and aqueous environments [20], and this explains
the numerous studies dedicated to the treatment of lead
artifacts [16,36]. The main aspects of which are summa-
rized in Figure 1. The corrosion mechanism of lead in
hydrochloric acid solutions is indeed complex, involving
multiple processes and intermediate products. In addition
to the formation of PbCl,, hydrated corrosion products can
also form, creating more intermediate compounds. For
example Pb3;05Clsy, known as mendipite, is an example of a
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Table 3. Balance equation of the reactions involved in the corrosion mechanism of lead exposed to a humid and polluted

by HCI environment.

Equations Log K Number References
Pb +1 0, = PbO 33.97 (2) [23]
Pb + O, = PbO, 39.25 (3) [23]
PbO + 2 H" = Pb?" + H,0 13.03 (4) (23]
Pb”" + 2 COs” = PhCO4 12.94 (5) [23]
PbCO; + 2 HCl = PhCl, + CO, + H,0 23.37 (6) [23]
Pb*" + Cl = PbCl" 1.62 (7) [34]
Pb*" + 2 Cl = PbCl, 4.81 (8) [23]
2.44 [34]
Pb’>" + 3 CI' = PbCl; 1.71 (9) [34]
Pb?" + 4 CI" = PbCl* 1.56 (10) [34]
Pb30,Cly + 2 CO, + 2 HyO = Pb(CO4),(0OH), + HCI (11) [23]

more complex corrosion product that can form in the
presence of both oxygen and chloride ions [23]|. However,
thermodynamic data for such intermediate compounds are
often limited or unavailable, making it challenging to fully
model their behavior in corrosion processes (Tab. 3). The
formation of these hydrated and complex corrosion
products can significantly influence the corrosion kinetics
and the nature of the protective layers formed on the lead
surface.

Ongoing research continues to refine methods for
quantifying atmospheric corrosivity towards lead. A
recent study has highlighted that using color change
values after a 3-month exposure period is more appropri-
ate for assessing indoor air aggressiveness on lead. This
approach proves more relevant than annual exposure,
which disrupts the linear relationship between color
change and corrosion rate. These findings demonstrate
that scientists are still actively working on improving
techniques to accurately quantify atmospheric corrosivity
on lead, seeking more reliable indicators and optimal
exposure periods [27].

Lead can indeed undergo pitting corrosion. This is due
to the ability of halide ions to attack surface films. Pitting
occurs under conditions of partial passivity or cavitation,
which is the formation and collapse of gas bubbles at a
liquid/metal interface [13]. However, to limit its impact,
the physical characteristics of the material are adjusted,
such as a high material thickness [22]. In 0.3 MHC], Salghi
shows that Pb doesn’t suffer from localized attack [37]. In
HCI, pure tin exhibits excellent resistance to pitting
corrosion, remaining largely unaffected by the aggressive
environment. However, when it comes to lead-tin alloys
(Pb-Sn), the situation changes significantly. The corrosion
sensitivity of these alloys is notably increased compared to
pure tin, making them more susceptible to pitting. This
enhanced vulnerability can be attributed to the presence of
lead in the alloy, which alters the electrochemical behavior
and protective characteristics of tin. As a result, while pure
tin remains stable in HCI, lead-tin alloys are prone to
localized corrosion [38].

3 Corrosion in HCI solution

According to Pourbaix [39,40], the stability domains of lead
and its compounds indicate that lead behaves as a
relatively noble metal at pH values greater than 5, leading
to the formation of lead oxide (PbO). However, at lower pH
levels, particularly in acidic environments like HCI, lead
tends to dissolve into Pb* " species. This dissolution process
is significant as it results in an increase in the concentration
of lead ions in solution, which poses environmental risks
due to potential contamination of water sources. In acidic
conditions, PbO exhibits high solubility [41], further
contributing to the generation of Pb*" ions. Additionally,
lead demonstrates passivation through the formation of
lead dioxide (PbOs) across a broad pH range; however, this
occurs only at higher potential values. The relationship
between pH and the stability of lead species is crucial for
understanding corrosion mechanisms and environmental
impacts.

3.1 Dissolution study of Pb in HCI

Lead readily reacts with hydrochloric acid, resulting in its
dissolution and the formation of soluble lead species. As the
hydrochloric acid concentration rises, the chloride ion
concentration correspondingly increases. This elevated
chloride ion concentration has been shown to influence the
formation of complexes with metal ions in solution.
Specifically, as the total concentration increases, there is
a notable trend: the proportion of metal ions forming
neutral or negatively charged complexes grows. This shift
in complex formation is directly related to the increased
availability of chloride ions in solution [34]. The dissolution
process is complex and strongly influenced by the
concentration of HCIL In dilute solutions HCI, lead(II)
chloride PbCl, exhibits low solubility due to the common
ion effect, which suppresses dissociation according to Le
Chatelier’s principle. However, as the concentration of HCI1
increases, the solubility of lead improves significantly due
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Lead Corrosion in HCI
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Fig. 1. Schematic representation of lead corrosion processes in HCI environment.

to the formation of soluble complex ions (Tab. 4). The shift
in equilibrium toward these soluble complexes, driven by
increasing chloride ion concentration, leads to enhanced
lead dissolution in concentrated HCI.

The kinetics of lead dissolution in HCl revealed that the
steps controlling the dissolution rate are initially dominat-
ed by surface chemical reactions, followed by diffusion
processes. The activation energies for these steps were
measured at 60.94 kJ/mol for the initial chemical reaction
and 28.24kJ/mol for liquid-phase diffusion [45]. These
values suggest that the dissolution process is primarily
controlled by chemical reactions at the surface, particularly
in the early stages. HCl is generally considered among the
most effective acids for the dissolution of lead from oxidized
ores, with an increase in the acid concentration significantly
enhancing solubility due to the formation of soluble lead
complexes, such as PbCl, and higher chloride complexes [46].
Qualitative corrosion data provide useful guidelines, but
laboratory test conditions can differ significantly, leading to
variations in the results. Nevertheless, lead is generally
classified as category C, indicating a corrosion rate typically
between 500 and 1200 pm/yr in most industrial cases. This
classification suggests that lead can be used in certain
applications where its corrosion and long-term degradation
are acceptable. The corrosion rates of chemical lead in HCI
acid can be accelerated or retarded by the presence of other

elements in solution. With HoSO, [42], the lead dissolution is
retarded: from 610 pm /yr in 1% HCl to 130 pm /yr in 1% HCI
+ 9% H,SO,, whereas it’s accelerated with FeCly (Tab. 4).

Many studies have focused not on the dissolution of
pure lead but rather on its alloys, particularly those with
tin. As early as 1932 [47], a study reported the challenges of
titration of tin while lead dissolves quickly in HCI. This
research highlighted the complexities involved in the
analysis of lead-tin alloys, where the differential dissolution
rates of the component metals posed significant analytical
challenges. Rapid dissolution of lead in hydrochloric acid
contrasted sharply with the difficulties encountered in
accurately determining the tin content.

3.2 Electrochemical study

The first electrochemical studies of lead in HCI date back to
the 1970s and were conducted primarily by Barradas and
his coauthors [48-52]. This increased focus on lead and lead
chloride corrosion studies is indeed linked to the develop-
ment of Pb/PbCl, electrodes. During this period,
researchers were investigating the electrochemical proper-
ties of these electrodes for various applications, including
environmental monitoring and corrosion studies. The Pb/
PbCl, electrode system is notable for its stability and non-
polarizing characteristics, making it suitable for use in
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Table 4. Comparison of pure lead dissolution kinetics in solutions with HCI.

Solution Time Temp. (°C) Corr. rate (pm/yr) References
1% HC1 610 [42]
1% HC1 200 min 22 912 [18]
1% HCI + 9% H,S0, - 24 130 [42]
3% HCI + 7% H,S0, - 24 360 [42]
3.57% (1 M) HCI 252 h - 60 [43]
3.57% (1M) HCI - - 1.89 [44]
5% HCl - - 410 [42]
5% HCI + 5% FeCly - 24 711 [42]
5% HCI + 5% H,S0, - 24 360 [42]
5% HCI + 25% H,S0, - 24 250 [42]
7% HCI + 3% H,SO, 24 410 [42]
9% HCI + 3% H,SO, - 24 460 [42]
10% HC1 200 min 22 693 [18]
10% HCI - - 560 [42]
10% HC1 + 5% FeCly - 24 1041 [42]
10% HCI + 20% H,S0, - 24 2180 [42]
10% HC1 + 40% H,S0, - 24 1650 [42]
15% HCI + 5% H,S0, FeCly - 24 2235 [42]
15% HCI + 15% H,S0, - 24 1040 [42]
15% HCI + 35% H,S0, 24 1680 [42]
20% HCI 200 min 22 1318 18]
20% HCI - - 1880 [42]
20% HCl+5% FeCly - 24 3810 [42]
20% HC1+10% H,SO, - 24 2180 [42]

electrochemical measurements. This electrode configura-
tion relies on the equilibrium established between lead and
its chloride form, which is crucial for understanding
corrosion processes in acidic environments, particularly
those involving hydrochloric acid.

Electrochemical studies investigate both the interac-
tion between a lead electrode and an electrolyte composed
of a hydrochloric acid solution, as well as the electrochemi-
cal behavior of lead and its compounds, notably PbCl,.

The corrosion of lead in an acidic environment such as
hydrochloric acid is a complex electrochemical process.
Metallic lead (Pb) reacts with chloride ions (Cl™) present in
hydrochloric acid, forming lead ions (Pb2+) and releasing
electrons according to the following reaction:

Pb — Pb*"42e". (12)

This leads to a substantial rise in measurable current,
occasionally featuring a visible pre-peak. This pre-peak is
attributed to either the presence of sparse small crystals on
the electrode surface [51] or a PbCly monolayer [48] that can
undergo localized dissolution as the current decreases at the
end of the peak, resulting in the formation of defect sites.

Near the electrode surface, the solution becomes
concentrated with lead ions, creating a supersaturated
solution close to the electrode surface. This allows for the

formation of nuclei that quickly develop into crystals
covering the surface [51,53]:

Pb + 2ClI~ — PbCly+2e™. (13)

The formation of PbCl, is a reversible process controlled
by the diffusion of chloride ions (Cl) toward the electrode
surface [54]. The growth of the layer requires the formation of
Pb?" ions, which originate from both the electrochemical
process and the fact that the layer is sometimes described as a
bilayer, with an inner layer that can evolve to become porous
or develop a complicated morphology [48,51]. Various
surface analyses, such as Scanning Electron Microscopy
(SEM) and X-Ray Diffraction (XRD), demonstrate that the
process is complex, involving numerous reaction intermedi-
ates of the type PbCli_" with an evolution from ion state to
solid phase [48,51].

Additionally, the morphology of the PbCl, layers
formed is highly dependent on the applied voltammetric
conditions [54].

Beyond the activation peak, the current increases
slightly, which can be explained by the breakdown of the
film due to a dissolution reaction [49,53| of the general
form:

PbCly+xCl~ — PbCI, (14)

242



F. Lequien: Metall. Res. Technol. 122, 510 (2025) 7

Table 5. Electrochemical reactions of lead in HCI.

Electrochemical reaction Standard potential Ref.
Pb*" (aq) + 2¢~ = Pb(s) —0.126 VENH [34,40,57]
Pb(s) + 2Cl— (aq) = PbCly (s) + 2 e —0.513 VSCE [56]
Pb(s) + 2C1" (aq) = PbCly (s) + 2~ —0.240< — <-0.25 VENH [58]
Pb(s) + 2C1™ (aq) = PbCly (s) + 2e~ —0.268 VENH [57]
Pb(s) + 2C1™ (aq) = PbCly (s) + 2e” —0.484 VAg/AgCl [50]
B-PbOy(s) + 4H" + 2¢ = Pb*" + 2 H,0 1.460 VENH [59]
a-PbOy(s) + 4H' + 2¢ = Pb*" + 2 H,0 1.468 VENH [59,60]
PbO, (s) + 4H" (aq) + 2¢~ = Pb*" (aq) + 2H,0 1.46 VENH [57]
PbOQ (s) + 2H" (aq) + 2¢~ = PbO + H,O 0.28 VENH [57]
H"(aq) + 2~ = H, (g) 0 VENH

In acidic media, the reduction of hydrogen ions (H") to
hydrogen gas (Hs,) is typically considered the primary
cathodic reaction:

2H" +2e~ — Hy(g). (15)

This reaction contributes to the continuous acidification
of the medium. However, electrochemical spectra reveal that
the cathodic process is more complex, consisting of two
distinct peaks. These peaks are attributed to the reduction of
Pb and PbCl, [50]. This dual-peak nature of the cathodic
process indicates that the electrochemical behavior of lead in
acidic chloride solutions involves multiple reduction path-
ways, beyond the simple hydrogen evolution reaction. In
oxygenated solution, the small cathodic peak can be
attributed to the reduction of some hydrolyzed species,
such as PbOHCI, formed as aresult of localized pH changes at
the electrode surface during electrolysis [52]. Although many
authors take precautions to conduct studies under nitrogen,
Barradas et al. hypothesize that the PbCl, layer is not
significantly affected by traces of dissolved oxygen or the
presence of OH [51], as PbO does not form in acidic pH
(pH>3) under low O, concentration [52].

3.2.1 Effect of the HCI concentration

The influence of hydrochloric acid concentration on the
electrochemical behavior of lead electrodes has been
extensively studied. Within a concentration range of
0.01 to 2.00 M, linear sweep voltammograms indicate that
at HCl concentrations above 0.20M, a passive region
forms, characterized by a relatively low residual current
that decreases with increasing acid concentration [55].
This decrease is attributed to the thickening of the
passive layer of PbCly or to surface blockage by larger
PbCl, crystals. Additionally, it was observed that the
potential corresponding to the anodic peak current shifts to
more negative values with increasing HCl concentration,
suggesting that the formation of the passive layer is
facilitated. The height of the anodic peak I decreases when
the concentration of HCl is increased. The relation between
log Cye and log I is not linear with an abrupt change
in the slope of the line for a 0.5M HCI concentration.

This change in the slope seems to indicate a transition in
the electrochemical behavior of the lead anode: at low
concentrations of HCI (up to about 0.5 M) the growth of the
surface layer of PbCl, may be limited and controlled by
diffusion of the Cl anions. This suggests that the rate of
formation of PbCly is lower than the rate of anodic
dissolution of lead, indicating that passivation of the lead is
delayed. At higher concentrations of HCI (above 0.5 M) it
seems probable that there is no limitation by diffusion of
the Cl ions and that the layer of PbCl, is formed more
readily [55]. A similar transition in the behavior of the lead
anode in HCI solutions was observed at concentrations
around 0.7 M HCI, where the solubility of PbCl, in aqueous
chloride solutions reaches a minimum [50]. An optimal HC]
concentration of 1.00 M was identified for achieving a thick
and porous passive layer on the lead electrode, which is
essential for electrochemical applications [54,55]. Poten-
tiodynamic analysis also revealed that the corrosion
potential (E.,..) shifts to more negative values as acid
concentration increases, establishing a linear relationship
between FE.,,., and log Cgcy:

Ecorr =a— blOg C4HCl7 (16)
where a and b are constants. Some studies attempted to
determine these parameters. a corresponds to the Pb
electrode potential. It is estimate in 1M HCI at —0.370
VSCE [56] which is in accordance with the standard
electrode potential (Tab. 5) [34] or —0.508 VSCE [46]. This
second value seems more coherent with the E.,,.. that is
determined graphically as for example Lateef [61] which
found a E.,, value of -0.554 VSCE in 1M HCI. b is
generally express as:

b =0.059/z, (17)
where z refers to the number of electrons involved in the
anodic or cathodic reaction process. A slope is generally of
—30mV /decade and gives z=2 [49,56—62]. The corrosion
current density (4;) 1s directly influenced by the
concentration of hydrochloric acid in the solution, like
the corrosion potential. As the concentration of HCI
increases, the availability of hydrogen ions (H') also
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increases, leading to a higher rate of electrochemical
reactions at the metal surface. This results in an increase in
the corrosion current density, which can be quantitatively

described wusing Tafel equations. For instance, the
relationship can be expressed as:
Teop = @ + blOg CHCZ, (18)

where i, is the current density, Cpgo is the HCI
concentration, and a and b are constants that depend on
specific conditions, including HCI concentration. For
concentrations between 1 x 107% and 1 x 107*M HCI at
room temperature, a is 0.22mA-cm 2 and b equals
60 x 10 *mA-cm ™% decade " [46].

3.2.2 Effect of rotation electrode [50]

The effect of rotation on electrodes, particularly rotating
disk electrodes (RDEs), is significant in electrochemical
studies. Rotation enhances mass transport by creating a
constant flux of analyze to the electrode surface, leading to
steady-state currents controlled by solution flow rather
than diffusion. The rotating disk generates a hydrody-
namic boundary layer, where centrifugal force flings
solution away from the center, replaced by solution
flowing up from the bulk. This results in higher current
density at the edges compared to the center, slightly
increasing the overall disk current above predictions made
by the Levich equation. The Levich equation, fundamen-
tal to RDE theory, relates the limiting current to the
angular velocity of the electrode, providing a means to
determine diffusion coefficients and study reaction
mechanisms [63]. The rotation speed also affects the
thickness of the diffusion layer, with higher speeds
resulting in thinner layers, which can significantly impact
kinetic measurements. RDEs are particularly useful for
studying mass transfer-limited and electron transferlim-
ited reactions, allowing researchers to distinguish between
these processes. The impact of a rotating disc electrode
have been investigated by Barradas et al. in [63]. With a
rotating disc electrode, an increase in current is observed
compared to a stationary disc, for HCl concentrations
above 0.4 M. Peak currents were generally proportional to
w'? (where o is angular velocity), but behavior in the
reactivation region is more complex. The ratio of cathodic
charge and anodic charge shows dependence on rotation
speed, with values nearing unity at zero rotational speed
and a maximum at high sweep rates, suggesting minimal
dissolution under certain conditions. This behavior aligns
with solubility predictions, indicating least dissolution
when mass transport is minimized. For smaller HCI
concentrations, surface growth becomes increasingly
difficult as rotation is stopped, indicating a dependence
on Cl ion concentration and hydrodynamic conditions.
Cathodic peaks increase in size when electrode rotation is
stopped, suggesting possible concurrent reactions of
surface layer reduction and reduction of soluble species.
Notably, electrode reactivation upon rotation in low
concentrations is similar to that observed in higher
concentrations, highlighting the complex interplay be-
tween electrode kinetics, mass transport, and solution

composition in these electrochemical systems. More
generally, rotation of the electrode increases the amount
of dissolution, enhances the transport of Cl ions to the
electrode surface, and leads to more rapid passivation. At
Cl ion concentrations greater than 1.0 M, there is no
limitation by diffusion of Cl to the surface of the
electrode, passivation of the electrode was easily attained.

3.2.3 Cyclic Voltammetry [48,53,51]

Cyclic voltammetry (CV) is a powerful electrochemical
technique used to study the behavior of electrodes and
electroactive species in solution. In the context of lead
electrodes in HCI solutions, this method has provided
valuable insights into the passivation process and the
formation of protective layers on the electrode surface.
When applied to lead electrodes in HCI solutions, cyclic
voltammetry reveals a characteristic behavior: as the
potential is swept in the positive direction, an anodic
current is observed, corresponding to the oxidation of lead
and the formation of a PbCl, layer. This process leads to
the passivation of the electrode, where a protective film
forms on the surface, reducing further corrosion. Moreover,
in 1.0M HCI, the anodic scan reveals a pre-peak at
approximately —520mV, followed by the main oxidation
peak at —455mV [53]. SEM analysis confirms the
formation of a PbCl, layer [51]. The peak separation of
about 90 mV indicates the irreversible nature of the surface
reaction [51]. The ratio of cathodic to anodic currents
depends on the sweep potential, reflecting changes in the
passive layer formation and thickening [48]. The presence
of oxoanions, such as sulfate and phosphate, can
significantly influence this behavior by either stabilizing
or destabilizing the protective PbCl, layer. Repeated
cycling demonstrates a reversible process of PbCl,
formation and dissolution, despite the progressive increase
in PbCl, thickness [48]. Holding time at specific potentials
plays a crucial role in the thickening of the PbCl, layer,
particularly just beyond the activation potential [48].
Increasing sweep rates lead to a consistent increase in both
anodic and cathodic currents, maintaining a near-unity
ratio, suggesting diffusion-controlled PbCl, formation [48].
This dynamic interplay between lead corrosion and
oxoanions underscores the complexity of passivation
mechanisms in acidic environments. The reversible nature
of the PbCl, formation/dissolution process, coupled with
the progressive thickening of the passive layer, underscores
the dynamic character of the lead electrode surface during
cyclic voltammetry experiments.

3.2.4 Repeated cycle on cyclic voltammetry

The effect of repeated cycles on the electrochemical
behavior of lead electrodes in a 1.00 M HCI solution has
been studied using cyclic voltammetry at a sweep rate of
1.67mV/s and a potential of —450mV [54]. During
repeated cycles, the lead electrode exhibits distinct anodic
and cathodic peaks corresponding to the oxidation and
reduction reactions of lead. In the initial cycles, both anodic
current (j,,) and cathodic current (j.,) increase with the
number of cycles, while the ratio j.,/j,, remains close to
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unity. This suggests a gradual increase in the effective
electrode surface area due to the formation of spongy lead
during the negative cycle, facilitating greater surface area
for the formation of the PbCl, passivating layer. Despite
this increase in currents, the positions of anodic and
cathodic potentials do not change significantly, and the
peak separation remains low, indicating that the process
remains reversible even after 20 cycles. In a second series of
experiments where the potential was held at 400 mV and
the sweep rate increased to 50mV/s, voltammograms
showed broader peaks and a continuous increase in
currents up to 30 cycles. It was noted that in the first
cycle, j., exceeded j,, with aratio reaching 2.1, likely due to
an increased thickness of the PbCl, layer; however, from
the second cycle onward, this ratio gradually decreased to a
stable value around 1.2 after 30 cycles. Additionally, peak
potentials showed a gradual shift with repeated cycles,
resulting in a corresponding increase in peak separation.
These results suggest that uncompensated resistance in the
solution becomes more significant at higher sweep rates,
affecting measured potentials. These observations high-
light the importance of repeated cycling for optimizing
both the formation and integrity of the passivating layer on
lead electrodes under acidic conditions. Moreover, the
number of cycles influences the formation of cathodic peaks
and the growth of passivating layers [50]. Progressive
cycling experiments show that the cathodic peaks observed
during reverse sweeps are primarily formed during this
inversion, emphasizing the importance of temporal dy-
namics in the corrosion process. The study [54] also
explored the electrochemical behavior of lead electrodes in
HCl solutions ranging from 0.01 to 2.00 M, emphasizing the
formation of a thin yet effective PbCl, layer on the
electrode surface. Using an appropriate concentration of
HCI (1.00 M), combined with controlled sweep field and
sweep rate, enhances the stability and thickness of this

layer. Furthermore, maintaining potential for a period
(particularly just beyond anodic potential (E,,)) promotes
thickening of this layer. Cyclic voltammetry reveals that
PbCl, formed during positive cycling is reduced to spongy
lead during negative cycling, accompanied by an increase in
surface roughness. Repeated cycling leads to progressive
thickening of both spongy lead and PbCl,, with the latter
exhibiting resistance to rupture or degradation. The results
indicate that this electrochemical method is an effective
pathway for preparing active PbCl, material for use as a
cathode alongside magnesium alloy anodes in marine
batteries.

3.2.5 Impact of temperature

Temperature plays a crucial role in the electrochemical
behavior of lead electrodes in HCI solutions. As tempera-
ture increases, the kinetics of electrochemical reactions
generally accelerate, leading to enhanced corrosion rates.
Specifically, for every 10°C rise in temperature, the rate of
electrochemical reactions can approximately double, which
significantly affects the stability and integrity of protective
layers like lead chloride (PbCly) formed during cyclic
voltammetry experiments. As the temperature of a 0.1 M
HCI solution is raised from 15°C to 55°C, both the
dissolution potential of lead (Fgiso1) and the reactivation
potential (Fieactivation) shift negatively, while the duration
of the dissolution arrest increases from 1.35 to 6.2 min [56].
This behavior suggests that higher temperature not only
increase the dissolution rates of lead but also destabilize
passivating films, making them more susceptible to
localized corrosion due to aggressive ions present in HCI
solutions. Moreover, the study found a linear correlation
between temperature and both Fgiuo and Eeactivations With
shifts of 4.3mV per degree and 10.8mV per degree,
respectively. This indicates that elevated temperatures
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enhance the solubility of corrosion products such as PbCl,,
further contributing to increased corrosion rates. Barradas’
study complements these findings by demonstrating that
the anodic behavior of cycled lead electrodes is influenced
by temperature through mechanisms involving nucleation
and growth processes. The mode of passivation is
characterized by the nucleation and growth of threedimen-
sional PbO nuclei, which slowly dissolve into solution. At
extreme anodic potentials or low temperatures, passivation
likely occurs via progressive two-dimensional growth under
diffusion control. This highlights that at all investigated
potentials, the mass transport of PbCl, species away from
the electrode surface is critical in determining electrode
kinetics [64]. Conversely, lower temperatures tend to slow
down reaction kinetics, potentially enhancing the longevity
of protective layers but may also reduce the overall
efficiency of electrochemical processes. Studies have shown
that maintaining optimal temperature ranges is essential
for reliable electrochemical measurements and for under-
standing the mechanisms underlying lead corrosion in
acidic environments. Moreover, temperature variations
can influence the solubility of PbCl, and other corrosion
products, thereby affecting their deposition and stability
on the electrode surface. In particular, it has been noted
that higher temperatures can disrupt protective layers
formed on lead surfaces, making them more susceptible to
aggressive ions present in HCI solutions [65]. This interplay
between temperature and electrochemical behavior under-
scores the necessity for controlled experimental conditions
when investigating lead corrosion in HCI solutions.

4 Inhibition

The inhibition of lead corrosion in aggressive environments
such as hydrochloric acid is a critical aspect of corrosion
protection. It is essential to ensure the longevity of lead-
based components, mitigate potential failures, and comply
with environmental regulations. Furthermore, effective
corrosion protection strategies facilitate material recycling
and disposal at the end of their life-cycle. However there is
limited research on the inhibition of lead corrosion in
hydrochloric acid.

Among the available methods, the use of corrosion
inhibitors has emerged as a cost-effective and efficient
approach to mitigating corrosion. These inhibitors, when
introduced at low concentrations into corrosive environ-
ments, significantly decelerate or halt the corrosion process.

The mechanisms of corrosion inhibition are generally
categorized into two principal pathways (Fig. 2): (i)
modification of the corrosive medium, often achieved
through interaction with corrosive species, and (ii) direct
interaction with the metal surface to form a protective
barrier against corrosive agents [66,67]. The efficiency of
these inhibitors is influenced by several factors, including
the type of metal, the chemical composition of the corrosive
medium, and the molecular characteristics of the inhib-
itors. Current research efforts are increasingly focused on
developing environmentally benign inhibitors with
enhanced performance across a broad spectrum of
applications.

Organic compounds containing heteroatoms such as
nitrogen, oxygen, and sulfur have demonstrated consider-
able efficacy as corrosion inhibitors for lead in HCI
environments [68]. These compounds typically function
by forming protective films on the lead surface, thereby
reducing the corrosion rate. Inhibition efficiency has been
shown to correlate with molecular attributes such as
electron density, functional groups, and structural config-
uration. The adsorption behavior of these inhibitors on lead
surfaces frequently follows adsorption isotherms, including
the Langmuir and Temkin models. Both physisorption and
chemisorption are implicated in the inhibition mechanism,
depending on the specific inhibitor and the prevailing
experimental conditions. Experimental studies have dem-
onstrated the effectiveness of N-phenylcinnamimide and its
derivatives as corrosion inhibitors for lead in HCI solutions.
Weight-loss experiments revealed that these compounds
significantly reduce the corrosion rate of lead. Notably, the
inhibition efficiency was found to increase with both
immersion time and inhibitor concentration [69]. The
protective effect is attributed to the adsorption of these
compounds on the lead surface, which follows Langmuir
and Temkin isotherms, indicating the formation of a stable
protective film. The addition of nitrogen-containing
compounds like phenylendiamene (PDA) affects these
anodic and cathodic mechanisms by increasing hydrogen
overvoltage on the corroding metal [43]. This action can
enhance hydrogen evolution reactions while also serving as
mixed-type inhibitors for metals like zinc and iron or
accelerators for other metals like lead due to their ability to
modify activation energies associated with corrosion
processes [46]. In addition to organic inhibitors, amino
acids have been identified as promising candidates for lead
corrosion inhibition. Glutamic acid, in particular, exhibits
significant inhibitory efficiency across a range of pH values
(2,7, and 12). Among several amino acids studied, glutamic
acid demonstrates superior performance in reducing lead
corrosion [70]. The inhibition mechanism involves the
adsorption of positively charged amino groups onto the
lead surface, effectively blocking active corrosion sites and
limiting the exposure of lead to corrosive ions.

Moreover, studies employing cyclic voltammetry have
shown that increasing the concentration of inhibitors
results in a decrease in anodic and cathodic peak currents,
indicative of enhanced inhibitor adsorption on the lead
surface [71]. Anodic polarization analyses further reveal
that the charge transfer resistance increases with inhibitor
concentration, signifying improved protective effects.

Emerging trends in corrosion inhibition research
emphasize the development of green inhibitors derived
from natural sources and the design of synergistic
formulations to maximize efficiency [72]. Natural extracts
contain a diverse array of active elements that can interact
with metal surfaces to form protective films. These films act
as barriers against corrosive agents, thereby preventing
further degradation of the metal. The abundance of these
active compounds in natural sources makes them an
excellent foundation for developing new green corrosion
inhibitors. In addition to natural extracts, ionic liquids
have emerged as promising green corrosion inhibitors.
Their unique synthetic pathways and properties position
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them as innovative solutions for corrosion protection. The
mechanisms by which these green inhibitors operate—
particularly their adsorption processes—are crucial to
understanding their protective capabilities across various
fluids and metal alloys.

Various natural and synthetic inhibitors that effective-
ly reduce lead corrosion rates in HCI have been study in the
context of patrimony protection, showcasing their mecha-
nisms of action, such as adsorption onto metal surfaces to
form protective films. These inhibitors not only enhance
the longevity of lead materials but also align with
environmental regulations aimed at reducing hazardous
substances [73]. The sodium decanoate is used as a
corrosion inhibitor. The mechanism of protective film
formation involves an initial oxidation step of the
substrate. Once the critical concentration of lead ions is
reached at the metal/solution interface, their combination
with the carboxylate causes the precipitation of a
hydrophobic and covering metallic soap, with the formula
Pb(C,)s where C,,=CH; (CHs),,COO". After a simple
immersion in a sodium decanoate solution, three-dimen-
sional layers of crystallized lead carboxylates, with the
formula (CH3(CHs),,_o-COO),Pb, have been identified on
the metal surface, protecting the material [73].

Phosphates serve as effective mineral inhibitors for
lead, particularly in acidic conditions such as those created
by hydrochloric acid. They react with lead ions to form low-
solubility lead phosphate minerals, such as chloropyro-
morphite (Pbs(PO,)3Cl) [74], which immobilizes lead and
reduces its bioavailability and leachability in contaminated
environments [75]. In drinking water systems, phosphate
dosing is employed to mitigate lead release from pipes by
promoting the formation of protective lead phosphate
coatings [76]. However, the effectiveness of phosphates can
be influenced by various factors, including water chemistry
and the presence of competing ions, which may inhibit the
formation of stable lead phosphate structures [77]. Thus,
while phosphates are a promising approach for controlling
lead levels, careful consideration of these factors is essential
for optimizing their effectiveness. Nevertheless, phosphates
seems to be more effective than silicates: for example,
sodium silicate acts also as a corrosion inhibitor by forming
protective layers on lead surfaces, which can limit the
release of lead into water systems. However, silicates
performance at lower pH values (below 4) are less
pronounced than at higher pH levels [78]. Computational
approaches, including density functional theory (DFT)
calculations, are increasingly utilized to elucidate molecu-
lar-level inhibition mechanisms and predict inhibitor
performance [79,80]. Despite significant progress, chal-
lenges remain in engineering inhibitors capable of main-
taining high efficiency under diverse environmental
conditions over extended durations. Future research may
prioritize the development of “smart” inhibitors that adapt
to changing corrosive environments and leverage nano-
technology to enhance protective capabilities [67].

In summary, the application of organic compounds and
amino acids as corrosion inhibitors for lead in HCI
environments has demonstrated considerable potential
for industrial and environmental applications. Continued

innovation in this field is essential to optimize inhibitor
performance and ensure alignment with environmental
sustainability goals.

5 Modeling of lead corrosion in HCI

The corrosion of lead in hydrochloric acid at ambient
temperature has been modeled using various chemical and
mathematical approaches. This involves both mechanistic
modeling, as demonstrated by Barradas, and mathematical
modeling techniques that aim to quantify the corrosion
process.

Mechanistic models focus on the underlying electro-
chemical reactions and physical processes that govern
corrosion, while mathematical models provide a framework
for simulating these processes and predicting corrosion
rates under various conditions. Graedel’s work on chemical
mechanisms for the atmospheric corrosion of lead enriches
this understanding by detailing how environmental factors
such as humidity and pollutants influence the corrosion
process [20]. The model details how these elements
contribute to the formation of various corrosion products,
including lead oxides, carbonates, and sulfates, highlight-
ing the dynamic nature of lead surfaces in response to
atmospheric conditions, particularly in urban environ-
ments with higher levels of industrial pollutants. By
incorporating the kinetics of chemical reactions and the
transport of reactive species, Graedel’s approach provides a
comprehensive framework for predicting the rate and
extent of lead corrosion in different atmospheric settings.

Barradas employs a mechanistic modeling approach to
analyze the electrochemical dissolution of lead and the
subsequent formation of lead chloride on lead electrodes.
The model representes the dissolution reaction by taking
into account the variety of complexes Pble;" depending
on the value of n. The hypothesis os steady state conditions
(which means a constant value of reactivation cirrent) is
made. It materiamised by an equality between dissolution
rate and flux of material away from th electrode. With this
model, a lead ion concentration is obtained similar to the
solubility value [51]. To simulate the anodic dissolution
mechanisms of lead in hydrochloric acid, Barrads utilizes
electrochemical techniques alongside mathematical model-
ing to analyze dissolution kinetics and formation of
corrosion products, particularly lead chloride (PbCly).
Barradas develops a mechanistic model that accounts for
electrochemical reactions occurring at the electrode
interface, emphasizing the role of ion transport and
concentration gradients in the electrolyte. The model
incorporates parameters such as current density and
potential, allowing for a detailed examination of how these
factors influence the rate of lead dissolution and character-
istics of the PbCl; layer that forms during the process. By
comparing experimental data with model predictions,
Barradas demonstrates that formation of a compact PbCl,
layer near the electrode surface significantly affects
dissolution kinetics, highlighting interplay between elec-
trochemical reactions and mass transport phenomena. This
modeling effort not only provides insights into anodic
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behavior of lead amalgam electrodes but also lays
groundwork for future studies aimed at mitigating
corrosion in acidic environments [48]. More recently,
research has focused on the corrosion of lead-tin alloys in
humid environments polluted by HCI. The experimental
approach has allowed for the establishment of the different
stages of the corrosion process, which are quite similar to
what occurs in atmospheric corrosion. The model is based
on thermodynamic considerations and shows the stong role
of CO, in the lead corrosion in HCI [23,81]. Experimental
data indicate that, although the model outlines the general
corrosion process, it assumes the formation of compact and
homogeneous layers, which does not align with reality, as
cerussite tends to grow in the form of is lands. In this
context, Barradas focused on the growth and morphology
of the formed layers [64]. They develop a model connecting
the shape of nuclei to current during the electrochemical
dissolution of lead electrodes. This model is based on the
premise that the nucleation process, leading to
the formation of corrosion products, is influenced by the
applied current density. Specifically, higher currents
promote the growth of more irregular and larger nuclei,
while lower currents yield smaller, more uniform struc-
tures. In addition to this, Barradas et al.” study highlights
the impact of temperature on the kinetics of lead
dissolution and the formation of PbCl, layers. The research
integrates temperature effects into the mechanistic model,
showing that increased temperatures accelerate the
nucleation and growth processes of PbCl,, transitioning
from two-dimensional to three-dimensional growth under
diffusion control. By analyzing experimental data along-
side this theoretical framework, Barradas et al. demon-
strate a clear correlation between current density,
temperature, and nucleus shape, providing insights into
how these factors influence overall corrosion rates and
product formation. This comprehensive approach not only
enhances the understanding of electrochemical behavior
but also offers a predictive tool for optimizing conditions to
mitigate lead corrosion in hydrochloric acid solutions [64].
The simulation results are validated against experimental
data obtained through electrochemical methods and
scanning electron microscopy (SEM), demonstrating that
the model accurately reflects observed phenomena,
including ion concentration changes and PbCl, precipita-
tion dynamics. However, physically accounting for the
structure of the layers is not always straightforward.
Considering the presence of a corrosion product layer on
the lead surface introduces two moving interfaces, which
are challenging to simulate. A study employs COMSOL
Multiphysics to simulate the corrosion process, focusing on
the formation of a PbCl, layer. This model incorporates a
porous domain with either fixed or variable porosity,
revealing that PbCl, layer becomes more compact near
electrode surface due to localized creation of lead ions [82].
The simulation results align with experimental data,
validating modeling approach and indicating that both
diffusion and chemical reaction mechanisms control
corrosion rate in HCI solutions. However, an intermediate
stage with the appearance of the first PbCl, germs has not

been taken into account. Generally, the precipitation of the
first crystal germ is based on the germination-growth
theory, corresponds to the spontaneous formation of
crystalline germs of a solid phase in a supersaturated
solution. In context of lead-acid batteries, a mathematical
model developed by Boovaragavan et al. addresses effects
of corrosion specifically at interface between active
material and grid material of positive plate. This model
employs three different approaches to incorporate corro-
sion effects during discharge, rest, and charge processes.
The electronic conductivity of positive plate is expressed as
a function of cycle number while an I-R loss term accounts
for increased resistance due to passive corrosion layer
formation. Comparative analysis between discharge and
charge profiles with and without considering corrosion
demonstrates that this modeling framework can effectively
study impact of corrosion on battery performance [83].
Additionally, Stewart et al. have developed a mathematical
model specifically for anodic oxidation of lead which
provides insights into electrochemical processes involved
during oxidation in acidic environments. This model
describes how factors such as current density and
electrolyte composition affect oxide layer formation on
lead surfaces. Findings from this model contribute to
understanding how anodic oxidation influences lead’s
overall electrochemical behavior and susceptibility to
corrosion in environments like HCI solutions [84].

6 Conclusion

In summary, the corrosion of pure lead in hydrochloric
acid presents significant challenges and implications for
various industrial applications and environmental safety.
The study reveals that lead exhibits complex corrosion
behavior influenced by factors such as HCI concentra-
tion, temperature, and the presence of polluants.
Understanding these mechanisms is crucial for develop-
ing effective corrosion protection strategies. Future
research should focus on enhancing the stability of
passivating layers and exploring innovative inhibitors to
mitigate lead corrosion in acidic environments. This
knowledge is essential not only for material preservation
but also for addressing the environmental impacts
associated with lead usage.
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