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A B S T R A C T

Waterline corrosion of steel, particularly on pre-rusted surfaces, presents a significant challenge in marine and 
industrial environments due to its localised and aggressive nature. This study investigates the effectiveness of 
rare-earth metal (REM) carboxylate inhibitors, i.e., lanthanum 4-hydroxycinnamate (La(4OHcin)3⋅5H2O), 
yttrium 3-(4′-methylbenzoyl)propanoate ([Y(mbp)3(H2O)]), and yttrium 4-hydroxybenzoate ([Y2(4hob)6(
H2O)4].2H2O), in mitigating localised corrosion on pre-rusted steel partially immersed in simulated seawater. In- 
situ galvanic current mapping coupled with local electrochemical impedance spectroscopy (EIS) and potentio
dynamic polarisation measurements were facilitated using a wire beam electrode (WBE). While these REM in
hibitors demonstrated high inhibition efficiency (>90 %) on fresh steel, their efficiency on pre-rusted steel was 
significantly lower (~40–49 %), indicating a critical influence ofrust layers on inhibitor performance. Efforts to 
improve inhibitor penetration through the rust layers using smaller-molecule inhibitors showed minimal benefit. 
However, when REM inhibitors were combined with sodium molybdate, an inorganic anodic inhibitor with 
buffering capacity, the inhibition efficiency increased substantially, reaching up to 69 %. Local EIS measure
ments confirmed enhanced inhibitor film resistance and more uniform inhibitor distribution with the mixed 
inhibitors. These results suggest a synergistic mechanism where REM carboxylates provide cathodic and anodic 
protection through adsorption and hydroxide precipitation, while sodium molybdate stabilises the environment 
and reinforces the passive film. This study highlights the limitations of single-component inhibitors for pre-rusted 
steel surfaces and demonstrates the potential of hybrid organic–inorganic inhibitor systems for effective corro
sion mitigation at the waterline.

1. Introduction

Corrosion inhibitors are widely used for general corrosion control in 
industry, however the application of inhibitors for localised corrosion 
control is very limited. This is because a locally corroding metal surface 
has separated anodic and cathodic areas where the local surface chem
istry can change with the processes of corrosion. For instance, the 
cathodic area can develop a higher local pH value due to oxygen 
reduction reactions, while the anodic area could have a lower local pH 
value due to hydrolysis of metallic ions, and a rust layer could form 
between anodic and cathodic areas. The formation of the rust layer can 

further change the corrosion environment; it was shown that crevice 
corrosion could occur under the rust layer [1–4]. These factors make the 
inhibition of localised corrosion, especially on pre-rusted surfaces, very 
difficult. However, in industry practice most engineering structures have 
some pre-rust layers presence and are exposed to nonuniform environ
mental conditions. For instance, rusting is commonly observed at the 
waterline areas of hulls of retired ships [5], on internal surfaces of nu
clear waste tanks [6,7], on internal and external pipelines [8], and on 
steel piling [9]. Localised forms of corrosion can induce premature 
failure of industrial structures because localised corrosion damage 
commonly occurs at stress concentrated areas where fracture may then 
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occur [10,11].
Waterline corrosion is selected in this work as a typical form of 

localised corrosion because it is a complex, significant and difficult to 
control form of localised corrosion [6–9]. Since Evans in the 1940s 
investigated this type of corrosion on steel and zinc which were sub
merged partially in NaCl solution [12], significant effort has been made 
to understand and control waterline corrosion in various environmental 
conditions. Waterline corrosion is generally considered to be due to 
electrochemical processes and activities occurring in an oxygen differ
ential aeration cell. The areas above and around the waterline become 
corrosion cathodes while the area below the waterline become anodes 
[13–17]. The actual mechanism and influencing factors can be much 
more complex. Many environmental factors have also been found to 
affect waterline corrosion [18–26]. Different waterline corrosion be
haviours were reported to occur on carbon steel partially immersed in a 
3.5 wt % NaCl solution (simulating seawater) [20,24], in Evans solution 
[25], in artificial and natural seawater [21], and in the ocean [18,19]. 

Furthermore, the presence of microbes in natural seawater [21], the 
flowing of electrolyte [24], the depth of water [22], and the inhibition 
ability of a particular solution [26] were also found to be factors 
affecting waterline corrosion. Another important factor that was found 
to play a vital role in the waterline corrosion process and mechanisms is 
the rust layer [1]. It was shown in the previous study [1] that the rust 
layer plays a major role in waterline corrosion by forming a crevice 
where crevice corrosion occurs. It was also reported that although the 
initiation and propagation of waterline corrosion is controlled by con
centration and diffusion of dissolved oxygen, the deceleration stage is 
controlled by the presence of rust [20]. Even though these studies [1,20] 
have shown the effect of rust on the waterline corrosion process, no 
studies have been carried out (i) on the effect of the rust layer on the 
inhibition of waterline corrosion, and (ii) on the ability of inhibitors to 
control waterline corrosion on a pre-rusted steel surface.

Over the past decades, a major research focus has been on the dis
covery and development of non-toxic, environmentally friendly and 
effective inhibitors to control general corrosion in various situations. 
Hinton et al. discovered that Rare Earth Metal (REM) salts such as CeCl3 
reduced corrosion on mild steel exposed to tap water by forming a 
precipitate at cathodic sites and thereby affecting the cathodic reaction 
and the corrosion process [27,28]. Mercer et al. had shown that car
boxylic acids can form a protective film over anodic sites on steel by 
adsorption leading to a reduction in the anodic reaction and inhibition 
of corrosion [29]. Many researchers then developed REM-based corro
sion inhibitors including bifunctional corrosion inhibitors by combining 
REM salts with organic ligands such as carboxylates and phosphate es
ters [30–41]. Recently the efficiency of REM inhibitors, La 
(4OHcin)3⋅5H2O and [Y(mbp)3(H2O)], for localised corrosion inhibition 
was investigated [42]. It has been shown that La(4OHcin)3⋅5H2O effi
ciently mitigated general corrosion on fully submerged steel [30–36], 
and that La(4OHcin)3⋅5H2O was an effective inhibitor for the early 
stages of localised corrosion at the waterline on a fresh steel surface with 
no rust present [42]. However, La(4OHcin)3⋅5H2O was a poor inhibitor 
as it exacerbated localised corrosion with time, whereas [Y 
(mbp)3(H2O)] was more effective with time [42]. However, it should be 
noted that two major issues remained unaddressed: (i) no inhibitor has 
been tested for their effectiveness with pre-corroded steel, and (ii) the 

Fig. 1. Photographs of the WBE and its connections indicating the arrangement 
of 100 individual square electrodes.

Fig. 2. Galvanic current distribution maps before, one day after, and seven days after adding La(4OHcin)3⋅5H2O inhibitor to the 3.5 wt % NaCl solution. Note that 
before adding the inhibitor, the WBE probe was corroded for 14 days under the waterline corrosion conditions. Schematic illustration of the WBE probe is also 
presented to indicate the location of electrodes where the local potentiodynamic polarisations measurements are done.
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effect of a rust layer on the inhibition process has not been studied.
This present work explores the application of environmentally 

friendly REM inhibitors for inhibiting waterline corrosion on pre-rusted 
steel surfaces, and new approaches to enhancing localised corrosion 
inhibition of pre-rusted steel. REM inhibitors with different molecular 
features and sizes including [Y2(4hob)6(H2O)4].2H2O, La 
(4OHcin)3⋅5H2O, and [Y(mbp)3(H2O)] [36,39,43] were selected for 
study, and the possible synergistic effect of inhibitors has been further 
explored by mixing REM and inorganic inhibitor sodium molybdate. 
This work focuses on the need to develop corrosion inhibitors that can 
mitigate localised corrosion on pre-rusted metal surfaces to prevent 
premature failure of industrial infrastructure.

2. Materials and methods

A major difficulty in studying localised corrosion and its inhibition is 
the limitations with conventional techniques in performing in-situ 
measurement and monitoring of the initiation, propagation and inhibi
tion of localised corrosion. To quantify the behaviour, efficiency and 
effects of inhibitors on localised corrosion processes, it is especially 
important to have a technique which can measure in-situ and monitor 
local electrochemical changes, and the effects inhibitors on the local 
galvanic current flows between local anodic and cathodic sites, varia
tions in local electrode potential and changes in local impedance. These 

changes in local areas cannot be observed and measured using con
ventional techniques such as weight loss measurements, conventional 
polarisation measurements and EIS, which give information from the 
overall electrode surface. Indeed, they are unable to measure local 
events. To address these difficulties, an electrochemically integrated 
multi-electrode array probe, often referred to as the wire beam electrode 
(WBE), was used to obtain in-situ electrochemical measurements. More 
specific details of this technique and the experimental setup have been 
reported in previous studies [1,42,44].

In this study, a WBE was used which consisted of 100 square elec
trodes mounted in epoxy resin. All 100 electrodes were arranged in an 
array of 25 rows with 4 per row as shown in Fig. 1. The dimensions of a 
single electrode was 2.3 mm × 2.3 mm. The material of the electrodes 
was X65 carbon steel, and the composition was 0.04 C, 0.2 Si, 1.5 Mn, 
0.011 P, 0.003 S, 0.02 Mo, and Fe balance (wt %). The 100 electrodes 
simulated a continuous steel surface by connecting electrically. The 
WBE was partially immersed in the test solution such that 19 rows were 
exposed to the test solution (below the waterline) and 6 rows were 
exposed to air (above the waterline) to simulate the waterline corrosion 
condition. This setup can detect corrosion at local areas, and it contin
uously monitors corrosion for long exposure times over the electrode 
array surface. This is an improved technique for studying localised 
corrosion and its inhibition at waterline because it overcomes the lim
itations of probing localised corrosion by conventional methods.

Fig. 3. Local potentiodynamic polarisation curves measured on the representative local anodic sites #50 and #65 and local cathodic sites #7 and #57 before, one 
day after, and seven days after addition of La(4OHcin)3⋅5H2O inhibitor to 3.5 wt % NaCl solution. To see the location of the anodic and cathodic electrodes, please 
refer to the schematic of the WBE in Fig. 2.
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It has been reported that REM inhibitors such as La(4OHcin)3⋅5H2O 
and [Y(mbp)3(H2O)] can efficiently mitigate general corrosion on fully 
submerged steel [30–36]. In the previous work [42], it was demon
strated that La(4OHcin)3⋅5H2O achieved over 90 % inhibition efficiency 
on fresh steel surfaces at the waterline. In this study, that investigation is 
extended to a pre‑rusted steel to determine whether the inhibitor can 
similarly mitigate established localised corrosion. To this end, La 
(4OHcin)3⋅5H2O was introduced into a 3.5 wt % NaCl solution after the 
WBE probe had been allowed to corrode for 14 days in a similar manner 
as described in references [1,42].

Before every experiment, the electrode array surface was ground to a 
1200 grit finish using a range of silicon carbide abrasive papers. Then, 
the probe was cleaned with ethanol and dried using hot air. The elec
trode array was exposed to a 3.5 % wt % NaCl solution (pH ~ 7) for 14 
days to establish the localised corrosion, and for rust layers to form on 

the electrode array surface. After 14 days of exposure, inhibitors [39,43,
45] were added to the test solution. The following inhibitors were used 
in this study, 1 mmol/l of La(4OHcin)3⋅5H2O, 1 mmol/l of [Y 
(mbp)3(H2O)], 1 mmol/l of [Y2(4hob)6(H2O)4].2H2O, 100 mmol/l of 
sodium molybdate, inhibitor mixture (1 mmol/l of La(4OHcin)3⋅5H2O +
100 mmol/l of sodium molybdate) and inhibitor mixture (1 mmol/l of 
[Y(mbp)3(H2O)] + 100 mmol/l of sodium molybdate). All solutions 
were prepared using analytical-grade reagents (Sigma Aldrich) and 
deionised water. All rare earth metal (REM) complexes were synthesised 
according to established literature procedures [39,43,45]. Sodium 
molybdate was selected because it could enhance anodic inhibition by 
acting as a buffering agent in an acidic environment and by forming a 
passive film over anodic sites [46,47]. After adding an inhibitor, mea
surements were obtained continuously for another 7 days. Test solutions 
were prepared freshly for each experiment and the volume of the test 
solution was 3 litres. The position of the waterline changed due to 

evaporation of water during the long exposure time. To overcome this 
issue and maintain the waterline at the same position, distilled water 
was added periodically. All experiments were conducted for 21 days 
(first 14 days without inhibitor and another 7 days with inhibitor) at 
room temperature and under static conditions.

Galvanic currents between anodes and cathodes were obtained 
continuously during each experiment, and maps showing the distribu
tion of those currents across the array were produced. Each current 
measurement cycle took approximately 5 min. Local anodic and 
cathodic sites could be identified based on the galvanic current. Positive 
current represents anodic sites, and negative current represents cathodic 
sites. Total anodic currents were calculated by summing all the positive 
currents. Inhibitor efficiency was calculated using total anodic current 
as described in Eq. (1).  

It should be noted that for each measurement cycle, the total anodic 
current and total cathodic current across the WBE were compared to 
verify current conservation. In all experiments, the absolute difference 
between anodic and cathodic totals was typically <15 % of the total 
current, corresponding to less than ~2000 nA. These deviations are 
within the expected limits of the current instrument used in this work. 
The current instrument measures the currents from each electrode in 
sequence, i.e. currents are not measured exactly the same time, and 
therefore some changes in current values could occur during the mea
surement period of 5 min due to the changing nature of corrosion pro
cess. There are also instrument resolution limits, background noise, and 
current transients when switching electrodes during measurements. 
Further development of the measurement instrument is in progress to 
avoid these limitations by measuring all currents simultaneously.

The WBE design ensures that currents are comprehensively 

Fig. 4. Galvanic current distribution maps before, one day after, and seven days after adding [Y(mbp)3(H2O)] inhibitor to the 3.5 wt % NaCl solution. Note that 
before adding the inhibitor, the WBE probe was corroded for 14 days under the waterline corrosion conditions. Schematic illustration of the WBE probe is also 
presented to indicate the location of electrodes where the local potentiodynamic polarisations measurements are done.

Inhibition efficiency =
Total anodic current (before adding inhibitor) − Total anodic current (after adding inhibitor)

Total anodic current (before adding inhibitor)
× 100% (1) 
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inventoried. In our experiments, since the waterline corrosion system is 
extremely highly localised, the effects of ‘internal’ currents flowing 
within each wire on galvanic current measurement accuracy is minimal 
because in highly localised corrosion systems, the ‘crossing’ electrode 
currents are dominating [14,25]. Summation of total anodic and 
cathodic currents across the array consistently confirmed near balance, 
with differences typically <15 %, thereby verifying that essentially all 
faradaic processes on the electrode surface were captured. This 
approach has also been validated in prior WBE studies of highly local
ised corrosion on steel in chloride solutions [14,24,25].

Local potentiodynamic polarisation measurements and local elec
trochemical impedance spectroscopy (EIS) measurements were carried 
out to study inhibition mechanisms. Local potentiodynamic polarisation 
measurements provide information about the local electrochemical 
changes at anodes and cathodes. At local electrodes, polarisation mea
surements were carried out before adding each inhibitor, and then after 
one day and seven days with the inhibitor present. To obtain local 
polarisation measurements, each electrode of interest was disconnected 
electrically from the array and connected to the potentiostat as the 
working electrode. An Ag/AgCl electrode was the reference electrode, 

Fig. 5. Local potentiodynamic polarisation curves measured on the representative local anodic sites #50 and #65 and local cathodic sites #7 and #57 before, one 
day after, and seven days after addition of [Y(mbp)3(H2O)] inhibitor to 3.5 wt % NaCl solution. To see the location of the anodic and cathodic electrodes, please refer 
to the schematic of the WBE in Fig. 4.

Fig. 6. Chemical structure of inhibitor anions used in this study.
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and a Pt-coated Ti mesh was the counter electrode (58 mm × 10 mm). At 
local anodes, the potential was swept from 50 mV below the open circuit 
potential (OCP) to 300 mV above the OCP, and at local cathodes, the 
potential was swept from 300 mV below the OCP to 50 mV above the 
OCP at a scan rate of 1mV/sec. Each potential range was chosen care
fully such that it was small enough to minimise any surface attack due to 
polarisation measurements, but large enough to show the electro
chemical changes due to inhibitor additions. Local electrochemical 
impedance spectroscopy (EIS) measurements were performed at each 
individual electrode below the waterline, with a frequency range was 
from 10 mHz to 100 kHz using an AC perturbation of 10 mV. The EIS 
data were fitted to a simple electrical circuit based on what was 
observed on the surfaces. The circuit is discussed later in this paper. This 
allowed the film resistance and local EIS maps to be drawn for each local 
electrode below the waterline. Local EIS measurements were performed 
before the local polarisation measurements were obtained. A Bio-Logic 
VSP multi-channel potentiostat was used for all the electrochemical 
measurements and EC-Lab Software V11.36 was used for analysis. 
Further information on galvanic current mapping, local polarisation 
measurements and local EIS can be found in previous papers [1,42,44].

In addition to galvanic mapping, local polarisation and local EIS 
measurements were combined to estimate local metal loss. The local EIS 
fits provided the polarisation resistance, Rp ≈ (Rct + Rf) (excluding Rs), 
while the local potentiodynamic curves yielded Tafel slopes (βa and βc) 
needed to determine the Stern-Geary constant using the following 
equation: 

B =
βa βc

2.303 (βa + βc)
(2) 

From these parameters, the local corrosion current density can be 
calculated using the Eq. (4) and then converted to a corrosion rate using 
Faraday’s law (Eq. (5)). 

icorr =
B
Rp

(3) 

CR (mm / year) = 0.00327 × icorr
(
μA.cm− 2) ×

EW
ρ (4) 

Where EW is the equivalent weight for carbon steel (27) and ρ is the 
carbon steel density (~ 7.85 g.cm− 3). This approach allows quantitative 
estimation of metal dissolution rates at specific electrodes, com
plementing the qualitative insights from current distribution and film 
resistance maps.

3. Results and discussion

3.1. The behaviour of REM inhibitors in mitigating waterline corrosion on 
pre-rusted steel

Fig. 2 compares galvanic current distribution maps recorded before 
inhibitor addition, one day after addition, and seven days after addition. 
Before La(4OHcin)3⋅5H2O addition, a strong cathodic region (blueish 
colour) is clearly visible at and just above the waterline, with a peak 
cathodic current of approximately 11,860 nA, while anodic zones 
(reddish colour) below the waterline reach currents up to 2100 nA. This 
pattern reflects the classic differential aeration cell, with oxygen‑rich 
areas acting as cathodes and oxygen‑depleted, submerged areas as an
odes [13–17]. One day after La(4OHcin)3⋅5H2O addition, the peak 
cathodic current drops sharply by ~71 % (from ~11,860 nA to ~3460 
nA), and the blue cathodic footprint contracts noticeably. Anodic cur
rents also reduced in several areas, though persistent hotspots particu
larly at corners of the probe remained unchanged. Seven days after La 
(4OHcin)3⋅5H2O addition, cathodic currents undergo only a marginal 
further decrease (to ~3280 nA), and the spatial distribution stabilises, 
indicating that the inhibitor’s cathodic effect occurred rapidly and then 
plateaued. Anodic regions likewise show little additional suppression, 
confirming that La(4OHcin)3⋅5H2O alone could not fully overcome the 
barrier imposed by the rust. Overall, the inhibition efficiency calculated 
from the total anodic current was 42 % after one day and increased only 
to 49 % after seven days, substantially lower than the ≳90 % efficiency 
reported on fresh steel at the waterline [42]. These results clearly show 
that La(4OHcin)3⋅5H2O is ineffective in inhibiting waterline corrosion of 
pre-rusted steel surface and that the pre-rust layer significantly affected 
the inhibition efficiency.

To further understand the effects of REM inhibitors on the anodic and 
cathodic corrosion processes, local potentiodynamic polarisation 

Fig. 7. Galvanic current distribution maps before, one day after, and seven days after adding [Y2(4hob)6(H2O)4].2H2O inhibitor to the 3.5 wt % NaCl solution. Note 
that before adding the inhibitor, the WBE probe was corroded for 14 days under the waterline corrosion conditions. Schematic illustration of the WBE probe is also 
presented to indicate the location of electrodes where the local potentiodynamic polarisations measurements are done.
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measurements were conducted at local anodic and cathodic sites to 
understand the electrochemical changes at local areas. Fig. 3 presents 
potentiodynamic polarisation curves recorded at representative anodic 
sites (electrodes #50 and #65) and cathodic sites (electrodes #7 and 
#57) before inhibitor addition (blue curve), one day (red curve) and 
seven days (green curve) after inhibitor addition. One day after La 
(4OHcin)3⋅5H2O addition, the anodic current density at anodic sites #50 
and #65 decreases, suggesting rapid adsorption of La‑carboxylate ions 
that impede metal dissolution. Between day 1 and day 7, only marginal 
reduction in anodic current is observed, indicating that the initial pro
tective film formed quickly but exhibited limited thickening or repair 
over longer exposures. On the other hand, at day 1, cathodic currents at 
cathodic sites #7 and #57 remain essentially unchanged, suggesting 
that hydroxide precipitation of La3+ was not yet complete. By day 7, 
cathodic currents show an obvious decrease, probably due to the gradual 
formation of a lanthanum hydroxide layer that hindered the oxygen 
reduction reaction. These observations confirm that La(4OHcin)3⋅5H2O 
acts as a mixed inhibitor. It rapidly adsorbs at anodic sites to suppress 
metal dissolution and more slowly precipitates at cathodic sites to 
impede oxygen reduction [27–29]. However, the pre-existing rust layer 
significantly limits inhibitor access, capping the overall inhibition effi
ciency at <50 % on pre-rusted steel.

Building on the protocol described above, another REM inhibitor [Y 

(mbp)3(H2O)] was introduced into a 3.5 wt % NaCl solution after a 14- 
day pre-rust period to assess its efficacy under identical conditions. The 
previous work showed that [Y(mbp)3(H2O)] exhibited better inhibition 
efficiency than La(4OHcin)3⋅5H2O for localised corrosion on fresh steel 
(without rust) at the waterline [42]. Fig. 4 presents galvanic current 
distribution maps before, one day after, and seven days after [Y 
(mbp)3(H2O)] addition. Before [Y(mbp)3(H2O)] addition, the galvanic 
current distribution map mirrors the La(4OHcin)3⋅5H2O inhibitor 
baseline, with peak cathodic currents of ~11,140 nA and anodic hot
spots up to ~1400 nA. One day after [Y(mbp)3(H2O)] addition, the peak 
cathodic current decreased by ~79 % (to ~2250 nA), slightly higher 
than La(4OHcin)3⋅5H2O at day 1. Anodic currents also decline in several 
areas, though persistent hotspots particularly at corners of the probe 
remain unchanged, like the case of La(4OHcin)3⋅5H2O shown in Fig. 2. 
Seven days after [Y(mbp)3(H2O)] addition, cathodic currents undergo 
only a marginal further decrease (to ~1990 nA), indicating that the 
inhibitor’s cathodic effect occurred rapidly and then plateaued. Anodic 
regions, on the other hand, show little additional increase, confirming 
that [Y(mbp)3(H2O)] could not fully overcome the barrier imposed by 
the rust. Overall, the inhibition efficiency calculated from the total 
anodic current is 41 % after one day and increases only to 46 % after 
seven days, substantially lower than the ≳90 % efficiency reported on 
fresh steel at the waterline [42]. These results clearly show that [Y 

Fig. 8. Local potentiodynamic polarisation curves measured on the representative local anodic sites #50 and #65 and local cathodic sites #7 and #57 before, one 
day after, and seven days after addition of [Y2(4hob)6(H2O)4].2H2O inhibitor to 3.5 wt % NaCl solution. To see the location of the anodic and cathodic electrodes, 
please refer to the schematic of the WBE in Fig. 7.
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(mbp)3(H2O)] is ineffective in inhibiting waterline corrosion of 
pre-rusted steel surface and that the pre-rust layer significantly affected 
the inhibition efficiency. Fig. 5 presents potentiodynamic polarisation 
curves recorded at representative anodic sites (electrodes #50 and #65) 
and cathodic sites (electrodes #7 and #57) before [Y(mbp)3(H2O)] 
addition (blue curve), one day after (red curve), and seven days after 
(green curve). Generally, [Y(mbp)3(H2O)] addition results in almost 
similar behaviour compared to what was observed for La 
(4OHcin)3⋅5H2O addition in Fig. 3.

Forsyth et al. [30] suggested a mechanism to describe the inhibition 
of REM carboxylates. According to that mechanism, these are mixed 
inhibitors. At cathodic sites on a steel surface where an alkaline pH 
develops due to the oxygen reduction reaction, a precipitate of an REM 
hydroxide forms, which reduces the rate of the cathodic reaction. At 
anodic sites, carboxylate ions adhere to the steel surface by adsorption 
and form a protective film. Therefore, the rates of the anodic and 
cathodic reactions are reduced, hence the corrosion rate is reduced. The 
results above show that the inhibition efficiency of these two REM 
carboxylate inhibitors were significantly lower on pre-rusted steel with a 
rust layer present compared to the inhibition efficiencies on fresh steel 
(without rust). There may be two explanations for that: (i) the rust layer 
acts as a physical barrier and reduces the penetration ability of inhibitors 
through the rust layer into the steel surface; and (ii) REM carboxylate 
inhibitors become ineffective in the acidic environment which develops 
in the crevice between rust layer and steel surface with the extension of 
corrosion exposure [1]. Previously it was found that an acidic environ
ment forms in between the rust layer and the steel surface leading to 
crevice corrosion [1–4]. REM carboxylates are unable to mitigate the 
crevice corrosion as shown by their low inhibition efficiency when rust 
is present on the steel surface, compared to their inhibition efficiency 
with fresh steel samples.

To probe whether a smaller REM carboxylate molecule could better 
penetrate the rust layer, [Y2(4hob)6(H2O)4].2H2O was tested, which 
features a shorter carboxylate chain [43,45,48] than both La 
(4OHcin)3⋅5H2O and [Y(mbp)3(H2O)] (chemical structure shown in 
Fig. 6). Fig. 7a–c presents galvanic current distribution maps recorded 
before, one day after, and seven days after adding [Y2(4hob)6(
H2O)4].2H2O. Despite its smaller size, this inhibitor produced virtually 

the same cathodic footprint at the waterline and anodic hotspots below 
as the larger REM carboxylates, yielding overall inhibition efficiencies of 
40 % and 42 % at days 1 and 7, respectively.

Local polarisation measurements shown in Fig. 8, indicate that 
[Y2(4hob)6(H2O)4].2H2O decreases the anodic kinetics at local anodes 
and cathodic kinetics at local cathodes which is similar to the effects of 
La(4OHcin)3⋅5H2O and [Y(mbp)3(H2O)]. These results suggest that the 
attempt to enhancing the inhibition efficiency through changing the rare 
earth elements and molecular size was not successful.

3.2. The behaviour of REM-inorganic mixed inhibitors in mitigating 
waterline corrosion on pre-rusted steel

To enhance the performance of REM carboxylates on inhibiting 
corrosion of pre-rusted steel, binary mixtures of La(4OHcin)3⋅5H2O or 
[Y(mbp)3(H2O)] with sodium molybdate were evaluated. Sodium 
molybdate is known both to buffer local acidity and to promote for
mation of compact, Mo-rich passive films at anodic sites [46,47]. 
Figs. 9–12 track how these mix inhibitors affect the corrosion processes. 
As shown in Fig. 9, the mixed inhibitor La(4OHcin)3⋅5H2O + sodium 
molybdate shows an inhibition efficiency of 68 % after seven days of 
inhibitor addition. This is a significant increase compared to the inhi
bition efficiency of La(4OHcin)3⋅5H2O that showed 49 % inhibition ef
ficiency seven days after the inhibitor addition (Fig. 2). As shown in 
Fig. 9, there were several major anodic sites seven days after adding the 
mix inhibitor, however the peak anodic current at those areas decreased 
from 1450 nA to 1000 nA. Furthermore, after adding the mixed inhib
itor, there is a significant decrease in cathodic current at the waterline 
where the major cathodic site is present. According to the local polar
isation measurements shown in Fig. 10, the inhibitor mixture caused a 
significant decrease in anodic kinetics at local anodic sites not only after 
one day of inhibitor addition but also after seven days of inhibitor 
addition. This is an improvement compared to La(4OHcin)3⋅5H2O itself 
as there was little or no decrease in anodic kinetics after seven days of La 
(4OHcin)3⋅5H2O addition compared to one day after the inhibitor 
addition (Fig. 3). Furthermore, there is a larger decrease in anodic ki
netics seven days after adding the inhibitor mixture compared to La 
(4OHcin)3⋅5H2O. The effects of the mixed inhibitor on cathodic kinetics 

Fig. 9. Galvanic current distribution maps before, one day after, and seven days after adding mix inhibitor La(4OHcin)3⋅5H2O + sodium molybdate to the 3.5 wt % 
NaCl solution. Note that before adding the inhibitor, the WBE probe was corroded for 14 days under the waterline corrosion conditions. Schematic illustration of the 
WBE probe is also presented to indicate the location of electrodes where the local potentiodynamic polarisations measurements are done.
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is similar to La(4OHcin)3⋅5H2O itself. After one day of the inhibitor 
addition, there is little or no change, while there is a significant decrease 
in cathodic kinetics seven days after adding the inhibitor mixture.

Further experiments have been conducted to evaluate the efficiency 
of mixed inhibitor of [Y(mbp)3(H2O)] + sodium molybdate. As shown in 
Fig. 11, the mixed inhibitor [Y(mbp)3(H2O)] + sodium molybdate 
showed 69 % inhibition efficiency seven days after adding the mixed 
inhibitor. These results further confirm that the inhibition efficiency of 
REM carboxylates can be increased significantly by mixing with the 
inorganic inhibitor sodium molybdate. When the current distribution 
maps are considered, it is clear that there are some major anodic sites 
remaining after adding the mixed inhibitor, as shown in Fig. 11, how
ever, the anodic current values at those areas decreased significantly 
from 1650 nA to 1100 nA seven days after adding the mixed inhibitor. 
Furthermore, there is a significant decrease in cathodic current after 
adding the mixed inhibitor. As shown in Fig. 12, the inhibitor mixture 
caused a significant decrease in anodic kinetics at local anodic sites. 
Furthermore, it resulted in a decrease in the cathodic kinetics at local 
cathodic sites seven days after adding the inhibitor mixture.

3.3. Understanding the inhibition mechanisms of mixed inhibitors

To identify how mixing sodium molybdate with REM carboxylates 
boosts overall inhibition efficiency, it was evaluated the contribution of 

molybdate alone first, a species not previously tested for waterline 
corrosion on pre-rusted steel. As shown in Fig. 13, sodium molybdate by 
itself delivers only modest inhibition efficiencies of 38 % after one day 
and 50 % after seven days. Although several anodic hotspots remain, 
peak anodic currents fall from approximately 1650 nA to 1220 nA over 
the course of a week.

Local potentiodynamic polarisation curves (Fig. 14) reveal that 
molybdate selectively suppresses anodic kinetics; current densities at 
active anodes drop noticeably upon addition, whereas cathodic sites 
show negligible change. This behaviour confirms that sodium molyb
date functions strictly as an anodic inhibitor. In accord with the litera
ture [46,47], molybdate ions are known to form a compact passive film 
at anodic regions and to buffer local acidity via the reaction below [46,
49]: 

MoO4
2 −

(aq)+4H+
(aq)+2e− − > MoO2(s)+2H2O(l) (5) 

By pairing this passive film enhancement and buffering action with the 
dual anodic + cathodic inhibition afforded by REM inhibitors, the mixed 
inhibitor achieves substantially higher inhibition efficiencies compared 
to either component alone.

If the local polarisation results from Figs. 10 and 12 are summarised, 
the mixed inhibitors exhibit the greatest reduction in anodic kinetics, 
achieving the highest seven-day inhibition efficiencies compared to each 
component alone. This confirms that mixed inhibitors suppress 

Fig. 10. Local potentiodynamic polarisation curves measured on the representative local anodic sites #50 and #65 and local cathodic sites #7 and #57 before, one 
day after, and seven days after addition of mix inhibitor La(4OHcin)3⋅5H2O + sodium molybdate to 3.5 wt % NaCl solution. To see the location of the anodic and 
cathodic electrodes, please refer to the schematic of the WBE in Fig. 9.
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corrosion at anodic sites more effectively. Several factors contribute to 
this enhanced anodic inhibition: (i) REM carboxylates adsorb onto 
anodic sites and form a protective film, immediately reducing metal 
dissolution; (ii) Sodium molybdate promotes passive film formation by 
precipitating molybdenum oxides/hydroxides and buffering acidic mi
croenvironments. Together, these actions produce a pronounced 
decrease in anodic currents when both inhibitors are present, supporting 
the hypothesis that molybdate enhances anodic inhibition through both 
pH buffering and passive film formation [46,47]. The result is a clear 
synergistic effect between organic REM complexes and the inorganic 
sodium molybdate.

After adding REM carboxylate inhibitors alone, cathodic kinetics 
remain unchanged at 24 h but drop significantly by day 7. According to 
Forsyth et al., REM ions slowly precipitate as hydroxides at cathodic 
sites under alkaline conditions [30], accounting for the delayed cathodic 
suppression. Mixed inhibitors follow the same trend, since they contain 
REM carboxylates, whereas sodium molybdate on its own induces no 
cathodic effect, consistent with its strict anodic-only behaviour [46,47].

Collectively, local polarisation curves in Figs. 3, 5, 8, 10, and 12
show that at anodic sites, the OCP values generally shifted in a more 
positive direction when inhibitors were present. Such positive OCP shifts 
generally reflect reduced anodic metal dissolution activities, which is 
particularly pronounced when rare-earth and molybdate inhibitors are 
used together. This is consistent with adsorption of rare-earth carbox
ylates and the stabilising and protective effects of molybdate-assisted 
passive films.

To further elucidate site-specific film formation, local EIS measure
ments across the corroded WBE probe were employed. Fig. 15a presents 
photographs of the probe surface after seven days of exposure (following 
a 14-day pre-corrosion), alongside EIS distribution maps based on fitted 
film-resistance values. Notably, only REM-containing solutions yield a 
white deposit at and just below the waterline, identified by FTIR in the 
previous work (broad OH stretching band near 3000 cm⁻¹) as lanthanide 
hydroxide (La(OH)3 or Y(OH)3) [42]. The absence of this deposit for 
molybdate alone confirms its anodic-only action.

The EIS maps in Fig. 15c reveal that, below the waterline, REM and 
mixed inhibitors form uniform, high-resistance films, whereas molyb
date alone produces comparatively low resistance at cathodic regions, 

underscoring its inability to protect cathodes. Peak film resistances for 
La(4OHcin)3⋅5H2O, [Y(mbp)3(H2O)], and sodium molybdate are 
approximately 9 kΩ, 10 kΩ, and 8 kΩ, respectively. In contrast, the 
La–molybdate and Y–molybdate mixtures reach ~25 kΩ and ~28 kΩ, 
demonstrating that molybdate markedly strengthens the mixed inhibitor 
film.

All EIS data were fitted using the equivalent-circuit in Fig. 15b 
(adapted from Nam et al. [50] and Peng et al. [51]): Rs the solution 
resistance; Rct the charge-transfer resistance; Rf, the combined rust and 
inhibitor-film resistance; CPEf the film capacitance (constant phase 
element); and CPEd, the double-layer capacitance. The use of CPE ac
counts for non-ideal behaviour arising from rust and inhibitor film 
heterogeneity [52]. Local EIS thus proves invaluable for mapping pro
tective film properties at distinct anodic and cathodic sites, insights 
unattainable via global EIS alone. Likewise, local polarisation mea
surements precisely reveal the differential effects of anodic-only versus 
dual-action inhibitors on site-specific kinetics.

While the EIS maps provide valuable information on film resistance 
distribution, they do not directly convey the extent of metal loss due to 
corrosion. To better quantify the corrosion severity under different 
conditions and the performance of each inhibitor in reducing the 
corrosion metal loss, the impedance data were further processed to es
timate local corrosion current densities and corresponding metal 
dissolution rates according to the procedure described in the Materials 
and Methods (Section 2). Results are summarised in Table 1.

The quantitative estimation of metal dissolution rates derived from 
local EIS and polarisation data (Table 1) further highlights the critical 
influence of inhibitor chemistry on inhibition performance, hence the 
metal loss. For single-component inhibitors, corrosion rates remained 
relatively high, with La(4OHcin)3⋅5H2O and [Y(mbp)3(H2O)] yielding 
1.59 and 0.77 µm/year, respectively, while sodium molybdate alone 
produced a comparable value of 1.42 µm/year. These results confirm 
that neither REM carboxylates nor molybdate individually can 
adequately suppress metal loss on pre-rusted steel, as the barrier 
imposed by the rust layer limits their effectiveness. In contrast, mixed 
inhibitor systems achieved a dramatic reduction in corrosion rate, with 
La(4OHcin)3⋅5H2O + molybdate and [Y(mbp)3(H2O)] + molybdate 
lowering values to 0.38 and 0.26 µm/year, respectively, representing 

Fig. 11. Galvanic current distribution maps before, one day after, and seven days after adding mix inhibitor [Y(mbp)3(H2O)] + sodium molybdate to the 3.5 wt % 
NaCl solution. Note that before adding the inhibitor, the WBE probe was corroded for 14 days under the waterline corrosion conditions. Schematic illustration of the 
WBE probe is also presented to indicate the location of electrodes where the local potentiodynamic polarisations measurements are done.
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Fig. 12. Local potentiodynamic polarisation curves measured on the representative local anodic sites #50 and #65 and local cathodic sites #7 and #57 before, one 
day after, and seven days after addition of mix inhibitor [Y(mbp)3(H2O)] + sodium molybdate to 3.5 wt % NaCl solution. To see the location of the anodic and 
cathodic electrodes, please refer to the schematic of the WBE in Fig. 11.

Fig. 13. Galvanic current distribution maps before, one day after, and seven days after adding sodium molybdate to the 3.5 wt % NaCl solution. Note that before 
adding the inhibitor, the WBE probe was corroded for 14 days under the waterline corrosion conditions. Schematic illustration of the WBE probe is also presented to 
indicate the location of electrodes where the local potentiodynamic polarisations measurements are done.
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more than a four- to six-fold improvement compared to the single- 
inhibitor cases. This reduction in metal loss correlates strongly with 
the significantly higher film resistances observed for the mixed systems, 
confirming that the synergistic action of REM adsorption and 
molybdate-assisted passive film formation results in more robust and 
protective surface layers. These findings not only validate the synergistic 
mechanism proposed but also demonstrate that effective mitigation of 
waterline corrosion on pre-rusted steel requires such hybrid inhibitor 
systems to meaningfully reduce long-term structural degradation. This 
hybrid organic–inorganic approach represents a promising strategy for 
mitigating localised corrosion on aging marine and industrial steel 
infrastructure. Future work should explore the long-term stability of 
these mixed films under cyclic wet-dry conditions and evaluate envi
ronmental compatibility in real-world deployment.

4. Conclusions

This study assesses the performance of three REM inhibitors, i.e., La 
(4OHcin)3⋅5H2O, [Y(mbp)3(H2O)], and [Y2(4hob)6(H2O)4].2H2O 
against waterline corrosion on pre-rusted steel, and to test whether 
mixing these organic inhibitors with the inorganic anodic inhibitor so
dium molybdate could overcome the barrier imposed by existing rust 
layers. Using a WBE probe, in-situ galvanic current mapping, local 
potentiodynamic polarisation, and local EIS measurements were 

employed to monitor both kinetics and protective film development at 
discrete anodic and cathodic sites. Key findings can be summarised as 
follows: 

1. All three REM inhibitors achieved only 40–49 % inhibition effi
ciencies after seven days on pre-rusted steel, which are substantially 
lower than the ≳90 % efficiencies previously reported on fresh (un- 
rusted) steel. Galvanic current distribution maps showed persistent 
anodic “hotspots” and only marginal additional suppression beyond 
the first 24 h, indicating that the rust layer acts as a physical and 
chemical barrier to both inhibitor adsorption and hydroxide pre
cipitation at cathodic sites.

2. Sodium molybdate yielded inhibition efficiencies of 38 % after one 
day and 50 % after seven days. Local polarisation curves confirmed 
that molybdate selectively suppresses anodic kinetics by promoting 
passive film formation and buffering local acidity, but it offers no 
cathodic protection.

3. Combining REM inhibitors with sodium molybdate boosted inhibi
tion efficiencies to 68 % (La–molybdate) and 69 % (Y–molybdate) 
after seven days, over 20 % higher than REM alone. Mixed inhibitors 
produced more uniform, high-resistance films (25–28 kΩ) across the 
WBE, compared to 8–10 kΩ for single-inhibitor systems. Local 
potentiodynamic polarisation measurements revealed pronounced 
anodic suppression that continued to develop over a week, while 

Fig. 14. Local potentiodynamic polarisation curves measured on the representative local anodic sites #50 and #65 and local cathodic sites #7 and #57 before, one 
day after, and seven days after addition of sodium molybdate to 3.5 wt % NaCl solution. To see the location of the anodic and cathodic electrodes, please refer to the 
schematic of the WBE in Fig. 13.
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cathodic kinetics were progressively hindered by REM hydroxide 
precipitation.
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probe surface.

Table 1 
Summary of electrochemical parameters obtained from local EIS fittings and potentiodynamic polarisation measurements on pre-rusted steel after 7 days of inhibitor 
exposure in 3.5 wt % NaCl solution.

Condition Rct 

(Ω/cm2)
Rf 

(Ω/cm2)
Rp 

(Ω/cm2)
βa (V/ 
decade)

βc (V/ 
decade)

B icorr (µA/ 
cm2)

CR (mm/ 
year)

CR (µm/ 
year)

La(4OHcin)3⋅5H2O 4800 143,200 148,000 0.1991 0.0636 0.02093 0.1414 0.00159 1.59
[Y(mbp)3(H2O)] 4900 160,500 165,400 0.1441 0.0320 0.01137 0.0687 0.00077 0.77
Sodium molybdate 5800 128,600 134,400 0.1313 0.0557 0.01698 0.1264 0.00142 1.42
La(4OHcin)3⋅5H2O + sodium 

molybdate
4200 452,000 456,200 0.1907 0.0455 0.01567 0.0343 0.00039 0.38

[Y(mbp)3(H2O)] + sodium 
molybdate

4400 506,200 510,600 0.1633 0.0328 0.01168 0.0232 0.00026 0.26
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