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Abstract

In this research, the influence of a volatile corrosion inhibitor (VCI) blend,
which includes boron-amine complex, carboxylic acid, and ester groups, on
the corrosion behavior of St37 carbon steel in a 3.5% NacCl solution was as-
sessed. To determine how well the VCI protects against corrosion, electro-
chemical impedance spectroscopy (EIS) and Tafel polarization (TP) tests were
performed. Moreover, tests following the TL-8135-0043 standard were carried
out to confirm the effectiveness of the inhibitor. In addition, scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDAX) were
employed to investigate the protective coating created by the inhibitor on the
steel’s surface. The EIS findings indicated a notable enhancement in corrosion
resistance correlating with higher VCI concentrations. Analysis of Nyquist plots
revealed that the VCI provided 71.24% protection. Characterization results il-
lustrated that the inhibitor adheres to the surface, which impedes charge trans-
fer and decreases the corrosion rate. TP tests suggested that the VCI functions
as an anodic-type inhibitor, mainly inhibiting anodic dissolution. The VCI test
was conducted according to the TL-8135-0043 standards, showing no corrosion
signs on metal samples covered with VCI-infused paper for up to 30 days. SEM-
EDAX and AFM evaluations affirmed the inhibitor’s adhesion to the metal sur-
face, leading to the development of a protective layer.

Keywords
Carbon Steel, St37, Volatile Corrosion Inhibitor (VCI)

1. Introduction

Atmospheric corrosion happens because of the interaction between oxygen, hu-
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midity, and harmful substances like acid rain, hydrogen sulfide, and chlorides with
metal surfaces [1]. A common approach to safeguard metals from atmospheric cor-
rosion involves the use of corrosion inhibitors. These substances effectively lower
corrosion rates even at minimal concentrations and are commonly employed in
various sectors, such as oil, gas, water systems, metalworking fluids, coatings, and
packaging [2]-[4].

This research examines volatile corrosion inhibitors (VCIs), which possess ad-
equate vapor pressure to evaporate and shield metal surfaces by creating a protec-
tive layer that restricts the entry of harmful substances. VCls are frequently utilized
in packaging materials, plastic coatings, and processing liquids to avert atmospheric
corrosion while in storage and transit. Their success is influenced by elements like
volatility, concentration of the inhibitor, environmental conditions, and UV radi-
ation exposure [5]-[8].

VClIs prevent corrosion by adsorbing onto metal surfaces and creating a protec-
tive barrier that limits the entry of harmful ions, all while keeping the metal’s char-
acteristics unchanged. For a VCI to work well, it needs to be volatile enough to
quickly reach the metal surface and provide protection. The rate at which it evapo-
rates is vital in reducing corrosion, making volatility a critical feature that sets it apart
from other inhibitors. VCIs provide an effective and simple approach to managing
corrosion in closed spaces and should be safe and non-toxic. When applied correctly,
they can enhance the lifespan of equipment without causing localized corrosion like
pitting [9]-[11].

A significant number of contemporary VCI formulations prioritize environ-
mental sustainability by being non-toxic and biodegradable. However, it is imper-
ative to acknowledge that the environmental impact of VCIs can vary depending
on their chemical composition. It is noteworthy that certain conventional VCIs
may contain nitrites or other compounds, which, if not managed with the requi-
site diligence, have the potential to pose environmental hazards. With respect to
human safety, the toxicity of VClIs is contingent upon their concentration and the
duration of exposure. It is noted that although high doses or pure samples of cer-
tain VCI compounds have the potential to be harmful, the concentrations used in
commercial applications are generally low and considered safe [9]. Nevertheless,
it is recommended that VCCs be handled in accordance with the manufacturer’s
guidelines, particularly in industrial settings where there is a possibility of prolonged
exposure.

The effectiveness of VCIs depends on factors such as ambient temperature, hu-
midity, inhibitor concentration, application method, and the presence of aggres-
sive ions [11]. Proper selection of metal packaging materials is essential to main-
tain VCI activity and prevent degradation due to UV exposure [8] [12]. Various
chemical compounds have been studied as VClIs, with amines, carboxylic acids,
and their mixtures being widely used to protect steel and ferrous metals during
storage and transportation [8] [13]. These compounds exhibit a synergistic effect

by forming a thicker protective layer that limits ion penetration. Amines and car-
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boxylic acids interact through Brensted-Lowry acid-base reactions and hydrogen
bonding, stabilizing as ionic complexes, particularly in the presence of excess car-
boxylic acid [14]-[17].

In commercial applications, amine-carboxylic acid-based VClIs are incorporated
into films, coatings, greases, cleaning solutions, hydrotest fluids, concrete, and cap-
sules [16]. Controlled-release systems utilize carriers such as diatomaceous earth
and zeolites. The protective effect of amine-based inhibitors arises from their hy-
drophobic adsorption layer, which shields metal surfaces from corrosive agents.
VCI-containing bags and papers are commonly used for wrapping metal compo-
nents during storage and transport [13] [14] [18] [19].

Vuorinen and Skinner demonstrated that electron density affects inhibitory ef-
ficiency and that shorter-chain ammonium carboxylates are more effective [20].
Hassan et al. showed that the benzene ring enhances corrosion inhibition, with
benzophenone being the most effective due to its large molecular size [21]. Ram-
melt et al. investigated the passivation of mild steel using carboxylates, amines,
and azoles, demonstrating that their inhibition mechanism depends on pH and
environmental pollutants [13]. Quraishi and Jamal synthesized organic VCIs and
found that the presence of amine and carboxylate functional groups significantly
improved inhibition efficiency [22]. Mikhailovski ef al conducted field tests on
commercial VCIs in various atmospheres, showing that their protection value de-
creases over time but remains effective in sealed environments [23]. Wan et al.
proposed a modified evaluation method for VCI effectiveness [24], while Lavanya
et al. identified octylcaprylamide and dicyclohexylaminebenzotriazole as the best
inhibitors for steam and Cl, environments [25]. Focke and co-workers analyzed
amine-carboxylic acid-based VClIs and found that their vapor composition changes
over time [26]. Zhang et al synthesized bis-piperidiniummethyl-urea as a VCI for
carbon steel, confirming its protective film formation via EIS studies [27].

In this research, a VCI mixture that incorporates amine-carboxylic acid and
carboxylic acid esters was created. The effectiveness of its corrosion protection
was evaluated through the GERMAN TL-8135-0043 test. To evaluate how effec-
tively the newly created VCI formulation penetrates, electrochemical imped-
ance spectroscopy (EIS) and Tafel polarization (TP) tests were thoroughly car-
ried out on St37 low-carbon steel samples that were soaked in a glycerin-water
mixture. After the electrochemical evaluations, SEM-EDAX and AFM evalua-
tions were performed on the metal surface, leading to the development of a pro-

tective layer.

2. Material and Methods

2.1. Working Electrode and Conducting Electrochemical
Experiments

The St37 carbon steel used for the electrochemical and VCI test experiments was
obtained from Eregli Demir Celik and cut cylindrically with a surface area of 0.75

cm?. The specimens employed in this investigation were prepared from St37 steel
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having a chemical composition of (wt%): Carbon (C) 0.17, Manganese (Mn) 1.40,
Phosphorus (P) 0.05, Silisium (Si) 0.30, Sulphur (S) 0.05 and the balance Iron (Fe)
[28]. Before conducting experiments, the surface of the working electrodes was
readied by progressively polishing them using sandpaper with different grits rang-
ing from 400 to 2000. Following the sanding process, the metal surface was thor-
oughly rinsed with distilled water and subsequently placed in the experimental
setup [29]. The working electrode, counter electrode, and reference electrode were
positioned within a corrosion cell containing a 3.5% NaCl solution. The corrosion
behavior of St37 low carbon steel in 3.5% NaCl solution was analyzed using elec-
trochemical impedance spectroscopy (EIS) and Tafel polarization (TP) method at
25°C for a period of 2 h. These measurements were conducted with a GAMRY 1010
E potentiostat/galvanostat/ZRA system. EIS experiments were performed within
a frequency range of 100 kHz to 0.1 Hz, and the acquired impedance data were an-
alyzed using ZsimpWin 3.21 software [30]. TP curves were created by scanning in
both the negative and positive directions at a rate of 1 mV/s across a potential span
of £300 mV.

2.2. Content of VCI and Conducting VCI Experiments

The corrosion inhibitors used in VCI tests were provided by DBSE-0511, TRIEST
MWB-2110 3-S Engineering Consultation Industry and Commerce Incorporated
Company and were employed in both the VCI and electrochemical evaluations. Com-
prehensive information about the VCI solution is available in TURKPATENT (TPE)
patent Application No: 2025/002727 titled “Volatile Corrosion Inhibitor Coating
Solution” [31]. Table 1 presents the details of the VCI formulation that was applied

in the experiments.

Table 1. Content of VCI formulation.

Sample % (by weight)
TRIEST DBSE-0511 1-10
C6 carboxylic acid 1-10
TRIEST MWB-2110 10 - 40
Isopropyl alcohol (IPA) 30 - 60
Butyl diglycol (BDG) 1-10

VCI paper used in VCI tests was supplied from Cagdas Kraft Paper. These pa-
pers were impregnated with corrosion inhibitors by dipping and VCI tests were
performed. The VCI test was conducted in accordance with the German standard
TL-8135-0043 to assess the effectiveness of VCI products in protecting metal sur-
faces from corrosion. This test aims to quantify and compare the protective per-
formance of specific VCI formulations on metals, playing a crucial role in the de-
velopment of anti-corrosion solutions, particularly for automotive and industrial

applications. For the test, metal samples typically composed of iron, steel, or alu-
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minum were prepared, with St37 carbon steel selected as the test material in this
study.

The metal pieces were trimmed to a size of 12 mm in length and 16 mm in
diameter, in accordance with the standard specifications. To achieve a smooth
finish, the trimmed pieces were sanded and treated with a combination of alcohol
and water before being inserted into a rubber stopper. This stopper had a top di-
ameter of 53 mm, a bottom diameter of 45 mm, and a central opening that meas-
ured 15 mm across to fit the metal pieces. A VCI paper was attached to a wire that
was 15 mm long, and connected to the rubber stopper, which was then placed into
a wide-mouth flask following the DIN 12385 standard. A corrosive solution made
from a glycerin and water mix (32% and 78% by volume) was poured into the
flask. The entire assembly was left at room temperature for 2 hours, then placed
in an oven set to 40°C for another 2 hours. After this heating phase, the rubber
stopper was taken out of the flask, and the metal surface was inspected for any

corrosion.

3. Results and Discussion

3.1. EIS Measurements

The solubility of the VCI formulation in 3.5% NacCl solution was observed to be
high. The corrosion inhibition performance of the VCI formulation at varying
concentrations was assessed for St37 carbon steel in a 3.5% NaCl environment at
25°C over a one-hour exposure period using EIS. The Nyquist plot, obtained from
the EIS measurements, illustrates the impact of different concentrations of the VCI
formulation in 3.5% NaCl solution (Figure 1(a)). At high frequencies, the Nyquist
spectra displayed a semicircular-like shape, a typical characteristic of charge trans-
fer-controlled corrosion processes (Figure 1(a)) [32]. The analysis of Nyquist
plots for both the control system and the samples treated with VCI showed that
adding the VCI formulation resulted in a significant rise in the magnitude of the
semicircle. This increase, which correlated with inhibitor concentration, demon-
strated the corrosion inhibition capability of the VCI formulation [33 ][34]. The
proportional expansion of semicircles with increasing VCI concentration suggests
that an optimal inhibition efficiency can be achieved through precise formulation
adjustments. It is proposed that segments of the VCI formulation adhere to the
metal surface through chelation or hydrogen bonding, facilitated by carboxylic
acid and boron-amine complexes. This adsorption mechanism likely contrib-
utes to the inhibition effect by obstructing active reaction sites and reducing
charge transfer. The deviation from perfect semicircular behavior in the Nyquist
plots is attributed to the frequency dispersion of the interfacial impedance, a phe-
nomenon frequently discussed in the literature [35]. Contributing factors include:
1) surface roughness of the working electrode, 2) heterogeneity of the substrate,
3) impurities in the metal or electrolyte, 4) grain boundaries, 5) formation of sur-
face layers, and 6) adsorption of corrosion products or inhibitor molecules [35]-
[37].
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The Bode modulus plot (Figure 1(b)) aligns with the trends observed in the
Nyquist diagrams. As the inhibitor concentration increases, the impedance shifts
towards more noble values, indicating improved corrosion resistance. Additionally,
the phase angles (Figure 1(c)) consistently approach 70° at all inhibitor concentra-
tions, ruling out significant diffusion effects [33].

To quantify the corrosion resistance of St37 carbon steel in 3.5% NaCl solution
and the effectiveness of the VCI formulation, Nyquist spectra were analyzed using
an R(QR) equivalent circuit. Data analysis was conducted with ZSimpWin 3.21
software. The chi-square (}*) value, which indicates the goodness of fit between ex-
perimental and simulated data, was minimized, confirming the accuracy of the
impedance model. The electrochemical impedance parameters are summarized in
Table 2. As the inhibitor concentration increased, parameter n approached unity,
suggesting capacitive behavior of the substrate surface [38] [39]. The charge trans-
fer resistance (R.,) values were significantly higher in inhibitor-containing solutions
compared to the blank system, with a direct correlation between R, and inhibitor
concentration. Conversely, the double-layer capacitance (Cy) exhibited an inverse
relationship with R., further confirming that the inhibition effect stems from the
adsorption of the VCI formulation and the progressive formation of a protective
layer on the metal surface [27]. The inhibition efficiency (IE%) of VCI formulation

in the studied environment was computed using Equation (1) [40].

RO
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where R is the charge transfer resistance in the absence of VCI formulation and
R is the charge transfer resistance in the presence of VCI formulation.
Figure 1 shows EIS spectra of (a) Nyquist, (b) Bode modulus and (c) Phase angle
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Figure 1. EIS spectra of (a) Nyquist, (b) Bode modulus and (c)
Phase angle representations for St37 carbon steel in 3.5% NaCl

solution in the absence and presence of VCI formulation at

different concentrations.

Table 2. EIS result of different concentrations of VCI formulation in 3.5% NaCl solution of St37 carbon steel.

CPE
Inhibitor concentration
Rs (Q cm?) Yo (Q7's’cm™) n<n<l IE (%) Chi-square
3.5 % NaCl 1.02 0.0002696 0.75 - 8.980E-4
3.5 % NaCl + 250 ppm VCI 1.12 0.00002016 0.83 33.96 8.665E-4
3.5 % NaCl + 500 ppm VCI 1.15 0.00001983 0.84 36.40 9.108E—4
3.5 % NaCl + 750 ppm VCI 1.09 0.00001251 0.88 68.21 9.052E—-4
3.5 % NaCl + 1000 ppm VCI 1.19 0.00001096 0.90 71.24 8.519E—-4
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Table 2 presents the electrochemical parameters, including R,, which repre-
sents the solution resistance for St37 carbon steel in 3.5% NaCl solution, measured
at 1.02 Q.cm? In the presence of the VCI formulation, both R;and R, values
increased, while the Q parameter of the constant phase element (CPE) decreased.
Specifically, in the absence of the inhibitor, R was recorded at 953.16 Q.cm?® with
a Qvalue of 0.0002696 Q' s> cm™. Upon the addition of 250 ppm VCI, R, and R
increased to 1.12 Q.cm?* and 1443.29 Q.cm?, respectively, while Q declined to
0.0002016 Q' s* cm™ Similarly, at 1000 ppm VCI concentration, R, and R, were
even more elevated to 1.19 Q-cm? and 3313.75 Q.cm?, respectively, while Q de-
creased to 0.00001096 Q' s? cm™. The inhibition efficiency (%7E1S) at the highest
studied concentration reached 71.24% in 3.5% NacCl solution.

The corrosion resistance conferred by the VCI formulation is attributed to its
molecular structure, which contains a significant number of 7-electrons along
with nitrogen and boron elements. These features play a vital role in preventing
iron corrosion in aggressive environments. The delocalized 7-electrons facilitate
coordination bond formation with the metal surface, enhancing inhibitor adsorp-
tion. Under corrosive conditions, the negatively charged iron surface interacts
with nitrogen and boron moieties, enabling the anchoring of ester and carboxylic
acid chains. The bulky nature of the ester and boron-amine complex promotes the
formation of a cluster-like network on the iron surface, reinforcing adsorption
strength and improving surface coverage, thereby enhancing inhibition efficiency
[39] [41].

3.2. TP Measurements

As shown in Figure 2, the formulation of the VCI affects both the oxidation at the
anode and the reduction of hydrogen at the cathode. The change in £, caused by
the inhibitor was more significant than in the system without the inhibitor, rising
from —791 mV to —483. 7 mV. This change indicates that the groups of carboxylic
acid, ester, and boron-amine complex found in the VCI formulation primarily act
as an anodic-type inhibitor in the process of preventing corrosion. The presence
of the VCI formulation in the corrosive medium effectively mitigated Cl™-induced
attack on St37 carbon steel. In particular, the samples exposed to the VCI formu-
lation demonstrate an increase in current density within the initial passive poten-
tial regions (highlighted by red circles) until a maximum is attained, accompanied
by an increase in corrosion potential. This phenomenon can be attributed to the in-
itial rapid attack of the metal surface by hydroxyl ions. Such observations may be
indicative of inhomogeneous adsorption on the surface, as well as transient adsorp-
tion-desorption imbalances [42]-[44].

However, as the inhibitor concentration increased, anodic current densities
demonstrated a decreasing trend [45]. The observed E.,. values further confirm
that the VCI formulation primarily acts as an anodic inhibitor by significantly
reducing the anodic dissolution rates of St37 carbon steel while exerting minimal

influence on cathodic hydrogen evolution. This strongly supports the assertion that
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the inhibitor regulates anodic reactions and functions as an anodic-type corrosion
inhibitor [42] [45].

Table 3. TP result of different concentrations of VCI formulation in 3.5% NaCl solution of St37 metal.

Inhibitor concentration S (mV/Dec) f-(mV/Dec)  Econ (mV/Ag/AgCl)  Low (A/cm?) CR (mmpy) IE (%)
3.5 % NaCl 193.2 385.5 -791.0 121.30 110.4 -
3.5 % NaCl + 250 ppm VCI 170.4 345.3 —788.6 85.49 76.5 29.52
3.5 % NaCl + 500 ppm VCI 203.8 378.3 -596.6 76.07 68.8 37.28
3.5 % NaCl + 750 ppm VCI 181.7 278.2 -561.5 36.60 32.3 69.82
3.5 % NaCl + 1000 ppm VCI 166.3 383.7 —483.7 28.46 25.7 76.53
]
0,05 | ----. 3,5 % Nacl
0,1 | +eoe- 3,5 % NaCl + 250 ppm VCI
-0,15 4] 3,5 % NaCl + 750 ppm VCI
024l = 3,5 % NaCl + 500 ppm VCI
I | IR 3,5 % NaCl + 1000 ppm VCI
-0,25

logl, A/cm?

Figure 2. TP plots for St37 carbon steel in 3.5% NaCl solution
in the absence and presence of VCI formulation at different
concentrations.

The data presented in Table 3 illustrates that adding the VCI formulation to
the 3.5% NaCl solution significantly lowered the corrosion current density of the
metal. In particular, including 250 ppm of the inhibitor decreased I, from 121.3
pA/cm? to 85.49 pA/cm?, achieving a 29.52% inhibition efficiency. The inhibition
efficiency (IE%) of VCI formulation in the studied environment was computed [39]
[46] [47]. When the VCI concentration went up to 500 ppm, 750 ppm, and 1000 ppm,
the corrosion protection efficiency increased to 37.28%, 69.82%, and 76.53%, re-
spectively. These results strongly correlate with the EIS outcomes and further con-
firm the effectiveness of the VCI formulation in reducing corrosion of St37 carbon

steel in 3.5% NaCl environment.

3.3. VCI Test Measurements

A solution was prepared using the components listed in Table 1 and subsequently
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applied to VCI paper that did not contain any pre-existing inhibitor. Following the
application, the treated VCI paper was stretched and left to dry under ambient con-
ditions for 1, 7, and 30 days. To evaluate the corrosion protection performance over
time, VCI corrosion tests were performed on the VCI-treated paper and the control
sample without VCI after each storage period according to the German standard
TL-8135-0043 (Figure 3). The results revealed that no visible signs of corrosion ap-
peared on the metal surface after 1, 7 or 30 days of exposure. Corrosion was clearly
observed on the paper without VCI. Figure 4 shows images of the VCI test results.

Figure 3. German standard TL-8135-0043 test.

Control Sample
(Without VC1) 1Days 7Days 30 Days

Figure 4. German standard TL-8135-0043: Corrosion Evaluation of Samples
Without VCI and Protected with VCI Formulation (1, 7, and 30 days).

These findings highlight the sustained effectiveness of the VCI formulation in
preventing metal degradation over an extended period. Corrosion is a complex
electrochemical process driven by environmental factors, particularly in chloride,
oxygen, and high temperature-containing atmospheres, which accelerate metal
oxidation and deterioration [48]. The absence of corrosion in the tested samples
suggests that the VCI paper, impregnated with the inhibitor-containing solution,
successfully established a protective barrier that hindered the diffusion of aggres-
sive species such as Cl™ ions [34]. This protective mechanism is likely attributed
to the adsorption of active VCI components onto the metal surface, reducing the
rate of anodic dissolution and cathodic hydrogen evolution. Furthermore, the sta-
bility of the corrosion inhibition effect over 30 days underscores the long-term

efficiency of the VCI formulation, making it a promising candidate for industrial
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applications requiring prolonged metal protection under harsh conditions.

3.4. SEM-EDAX and AFM Studies

The SEM analysis of St37 carbon steel following electrochemical impedance spec-
troscopy (EIS) experiments in a 3.5% NaCl solution is presented in Figure 5. In
Figure 5(a), the surface of the metal appears smooth with visible marks from the
sanding process, but no significant corrosion damage is observed. However, when
exposed to the corrosive environment, as shown in Figure 5(b), the metal surface
shows deterioration. Figure 5(c) shows the effect of the corrosion inhibitor, where
the previous degradation appears to have closed, indicating adsorption of the inhib-
itor molecules on the metal surface.

The elemental composition of these surfaces was further examined EDAX with the
corresponding results summarized in Table 4. The analysis of the uncorroded metal
surface revealed the presence of C (0.15%), Si (0.3%), Mn (1.3%), and Fe (98.25%).
However, upon exposure to 3.5% NaCl in the absence of an inhibitor, the concentra-
tions of Mn and Fe significantly decreased to 0.3% and 41.2%, respectively. This re-
duction is attributed to the formation of corrosion products covering the metal sur-
face. Furthermore, O (43.0%) and Cl (10.4%) were detected on the corroded surface,
suggesting the presence of a mixed chloride-oxide corrosion layer [49].

Table 4. EDAX analysis results of St37 carbon steel in 3.5% NaCl solution.

Fe O C Cl NaMn Si B N

Before experiment 9825 - 015 - - 13003 - -
After immersion in 3.5% NaCl solution 41.2 43.0 2.5 10424 03 02 - -
1000 ppm VCI formulation 764 58 10.0 2.3 1.3 0.2 0.1261.3

The addition of a 1000 ppm VCI formulation inhibitor significantly influenced
the surface composition. The concentrations of Fe and Mn increased to 76.4% and
0.2%, respectively, indicating reduced corrosion and enhanced surface protection.
Concurrently, a notable decrease was observed in the O and Cl content, which
dropped to 5.8% and 2.3%, respectively. In Table 4, the appearance of N and B in
the content of 1000 ppm VCI formulation additive added to 3.5% NaCl medium con-
firms the adsorption of the additives in the VCI formulation on the St37 metal sur-
face. It is seen that carbon-based compounds (such as carboxylic acid, boron-amine
complex ester, and alcohol) in the VCI formulation form a film layer on the surface
(Figure 5(c)). This reduction further supports the hypothesis that the inhibitor ef-
fectively adsorbs onto the metal surface, mitigating the extent of corrosion.

The AFM analysis of St37 carbon steel following EIS experiments in a 3.5% NaCl
solution is presented in Figure 6. As illustrated in Figure 6, the 2D AFM images
depict the roughness parameters of the St37 samples. According to the AFM results
(Figure 6(a)), the surface of St37 metal is depicted prior to the experiment. The
mean profile deviation from the center line (R,) was found to be 1.541 - 2.183 nm,
and the mean to the peak height (R,) was 8.363 - 11.943 nm. These values indicate
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that the surface roughness of the metal was minimal prior to the experiment. In the

3.5% NaCl medium (see Figure 6(b)), the surface roughness of the surfaces increased

SEM HV: 20.00 kv WD: 15.09 mm

VEGA\\ TESCAN SEM HV: 20.00 kV WD: 14.90 mm VEGA\\ TESCAN
View field: 459.6 um Det: BSE 100 pm 7 View field: 459.6 pm Det: BSE 100 pum u’
SEM MAG: 500 x Date(m/d/y): 03/28/25 Sakarya University il SEM MAG: 500 x Date(m/d/y): 03/28/25 Sakarya University

SEM HV: 20.00 kv ‘WD: 15.09 mm
View field: 459.6 um Det: BSE 100 pum
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Figure 5. SEM images showing the surface morphology of the St37 carbon steel sample: (a) Before immersion in 3.5% NaCl solution;
(b) After immersion in 3.5% NaCl solution; and (c) Containing 1000 ppm VCI formulation.
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Figure 6. AFM images showing the surface morphology of the St37 carbon steel sample:
(a) Before immersion in 3.5% NaCl solution; (b) After immersion in 3.5% NaCl solution;
and (c) Containing 1000 ppm VCI formulation.

significantly compared to the surfaces before experiment state. The values of R, and
R, increased to 38.821 - 58.468 and 151.312 - 238.922 nanometers, respectively.
When 1000 ppm VCI formulation was added to the corrosive medium (see Figure
6(c)), the R, and R, values decreased to 18.522 - 19.751 nm and 89.582 - 91.840 nm,
respectively. These results align with the findings from the SEM and electrochem-

ical analysis.

3.5. Protection Mechanisms

The developed VCI formulation is specifically designed to provide protection for
both ferrous and non-ferrous metals, including various alloys, industrial machin-
ery, structural components and equipment. VCI molecules effectively diffuse into
confined spaces, recesses, crevices, and cavities that are exposed to corrosive envi-
ronments, such as high humidity and saline atmospheres. The protective mechanism
of VCls is primarily governed by two fundamental chemical processes [50].
Ionization: This process involves the dissociation of VCI molecules, leading to
the formation of ions that interact with the metal surface. These ions create a pro-
tective barrier by adsorbing onto the metal substrate, mitigating electrochemical

reactions responsible for corrosion (Equation (2)) [50].
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NaCl= Na® +CI 2)

VCIs undergo hydrolysis, resulting in the cleavage of water molecules into hy-
drogen cations (H") and hydroxide anions (OH ™). This reaction modulates the
pH at the metal interface, contributing to passivation and reducing the aggressive-

ness of corrosive species (Equation (3)) [50].

NaCl+H,0 =Na"+Cl' +H" +OH" (3)
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Figure 7. Mechanism of the substances in the VCI formulation as corrosion inhibitors.

Additionally, the efficacy of VClIs is influenced by their molecular structure,
volatility, and compatibility with hydrophobic additives such as TRIEST DBSE-
0511, which enhances surface adsorption and water displacement properties (Fig-
ure 7). Due to its hydrophobic nature, TRIEST DBSE-0511 tends to displace water
molecules from the metal surface, reducing water-mediated corrosion [51] [52].
This process leads to the formation of a protective hydrophobic film that limits
the diffusion of corrosive species. Additionally, TRIEST DBSE-0511 interacts with
the passive oxide layer or adsorbed ions through weak Van der Waals and disper-
sion forces, promoting surface adherence [53]. The presence of chloride ions (Cl")
in NaCl solutions can destabilize the passive layer, increasing localized corrosion
risks; however, TRIEST DBSE-0511 mitigates this by forming a barrier that limits
ion penetration. Furthermore, while TRIEST DBSE-0511 does not strongly coor-
dinate with Fe*" or Fe®" ions, its ester groups can establish weak ion-dipole interac-
tions with Na* and CI~ in solution, enhancing surface adsorption. TRIEST MWB-
2110 exhibits strong adsorption characteristics due to the presence of both amine
(-NH:) and borate (-BOs) functional groups. The amine groups can participate in
electrostatic interactions with negatively charged surface oxides and hydroxides,
while also forming hydrogen bonds with hydroxyl (-OH) groups on the metal sur-
face [54]. Additionally, the lone pair of electrons on nitrogen allows for coordina-
tion bonding with iron atoms, further enhancing adsorption stability [55] [56]. The
borate component can also interact with iron oxides, promoting the formation of

a protective layer that mitigates corrosion [55]. C6 carboxylic acid is a branched-
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chain carboxylic acid that interacts with the metal surface primarily through its
carboxyl (-COOH) functional group. The carboxyl group can undergo proton ex-
change with surface hydroxides, leading to the formation of chemisorbed carbox-
ylate species. This chemisorption enhances the stability of the adsorption layer, con-
tributing to corrosion inhibition [57].

Additionally, C6 carboxylic acid may form hydrogen bonds with hydroxyl (-OH)
groups on the oxide layer of the metal surface, further stabilizing its adsorption.
The hydrophobic alkyl chain can also contribute to a protective barrier by reduc-
ing water penetration and minimizing direct exposure of the metal surface to cor-
rosive agents. In the presence of NaCl, chloride ions (Cl”) may compete for adsorp-
tion sites, potentially disrupting the protective layer formed by C6 carboxylic acid.
However, the strong interaction between the carboxylate group and the metal sur-
face helps maintain a stable adsorption, providing some resistance against chlo-
ride-induced corrosion [39]. The synergistic interaction between VCI compounds
and organic corrosion inhibitors, such as boron amine complexes and carboxylic
acid-based molecules, further strengthens their protective performance under dy-

namic environmental conditions.

4. Conclusions

This study demonstrates the effectiveness of VCI formulations in mitigating the
corrosion of low-carbon steel exposed to 3.5% NaCl solution, employing inhibi-
tors such as long-chain esters, boron-amine complexes, short- and medium-chain
alcohols, and carboxylic acids. The protective efficiency of these compounds is pri-
marily governed by hydrophobic film formation, Van der Waals interactions, and
weak ion-dipole forces rather than strong coordinative bonds. In chloride-contain-
ing environments, where passive oxide layers on metals are prone to degradation,
the esters and alcohols in the VCI formulation act by creating molecular barriers
that hinder water and aggressive ion penetration, thereby mitigating localized cor-
rosion. TRIEST DBSE-0511, for instance, does not establish direct ionic bonds with
Fe?* or Fe’* jons but instead displaces surface water, reducing electrolyte access and
enhancing corrosion resistance. Similarly, boron-amine complexes and carboxylic
acids contribute to passivation by modifying the electrochemical environment and
stabilizing protective layers.

Electrochemical results and industrial application data indicate that the devel-
oped VCI formulation effectively protects St37 low-carbon steel against corrosion.
Opverall, the findings underscore the significance of VCI formulations in corrosion
prevention, particularly for metals exposed to aggressive environments. By tailor-
ing inhibitor compositions and incorporating synergistic additives, the efficiency
of VCI-based protection strategies can be significantly enhanced, making them
viable alternatives to conventional corrosion prevention methods in industrial ap-
plications. Future research should focus on hybrid VCI formulations that inte-
grate both organic and inorganic components to achieve superior stability, envi-

ronmental compatibility, and long-term metal protection. To maximize the in-
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dustrial potential of this VCI formulation, future studies should focus on evaluat-
ing its protective performance across different metal types, optimizing its effec-
tiveness under varying conditions such as temperature, pH, and salinity, and thor-
oughly assessing its environmental safety. These studies will expand the VCI’s use
cases and confirm its effectiveness and ecological viability in various industrial

settings.
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