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Tin is a moderately corrosion resistant material that is widely used in tinplate for food and beverage
packaging. However, despite its moderately corrosion resistance, the presence of oxidizing agents enhances
tin dissolution. The dissolution of metallic tin, especially from the inside of a can body into the food content,
has a major influence on the food quality and may cause toxicological effects. To overcome the problem,
different chemical compounds are added. The most utilized inhibitors in the food industry are nitrites and ni-
trates, which are hazardous to human health. The present study aims to investigate the influence of carbox-
ylic acids on the corrosion resistance of tin, since they are present in fruit juices and different foodstuffs. The
corrosion protection efficiency of carboxylate coatings is investigated in a sodium chloride solution using
electrochemical and spectroscopic techniques. The structural characteristics of the surface coatings are in-
vestigated using Fourier transform infrared spectroscopy and optical microscopy.
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3AIITUTA HA KAJIAJ Ol KOPO3UJA CO ITIPUMEHA HA KAPBOKCHJIATHH OBJIOTH
BO PACTBOP O/1l HATPUYM XJIOPUI

Kanajor e MaTepujai mTo € yMepeHo OTHOpPEH Ha KOpO3Hja, a IIMPOKO Ce KOPUCTHU 32 OOJIOKYBAE HA
am0anaxka 3a XpaHa W mujanany. MeryToa, M HOKpaj yMepeHaTa OTIIOPHOCT Ha KOpO3Hja, IPUCYCTBOTO HA
OKCHJIAIIMCKU CPECTBA ro 3a0p3yBa pacTBOPAETO HA KajlajoT. PacTBOpameTo Ha METAIHHOT Kajlaj, 0COOEHO
OJI BHATPEIIHOCTA Ha KOH3EPBUTE BO XpaHaTa, UMa rojleMo BIIMjaHHe BP3 KBAJIMTETOT Ha XpaHaTa M MOXeE Jia
TPeTM3BUKA TOKCHKOJIOMIKKA epeKT. 3a Ja ce HaAMHHE OBOj HpoOieM, ce N0faBaaT Pa3indHH XEMHCKH
cpenctBa. HajkopucTeHnTe HHXHOUTOPH BO MpexpaHOeHaTa HHIYCTpHja C€ HUTPUTHTE M HATPATUTE, KOU O]
CBOja CTpaHa c€ OMAacHU 3a YOBEKOBOTO 31paBje. LlenTa Ha oBaa cTyamja € a ce WCIIUTA BIMjAaHUETO Ha
KapOOKCHITHH KUCEITMHU BP3 OTIIOPHOCTA Ha KallajoT Ha KOpo3Hja, OMIejKu ce MPUCYTHH BO OBOIIHUTE COKOBH
Y BO pa3HH mpexpaHOeHu npoxykTu. EukacHocTa Ha 3ainTurara of KOpo3uja Ha KapOOKCHUIIHHTE OOJIOTH €
WCIUTaHa BO PAacTBOP O HATPHYM XJIOPHZ CO IPUMEHA Ha EJIEKTPOXEMHUCKH U CIIEKTPOCKOIICKH TEXHHKH.
CTpyKTypHHTE KapaKTepHCTHKH Ha MOBPLIMHCKUTE OOJOIM Ce WCIHMTAHW co nNpuMeHa Ha @Dypueopara
TpaHchopMHa HH(parpBeHa CIIEKTPOCKOITHja U CO ONTUYKA MUKPOCKOIIH]a.

Kayunu 300poBH: Kaaj; MTHXHONIM]ja Ha KOPO3Hja; KapOOKCHITHU KICEIMHNA, EIEKTPOXEMUCKH METOIH

1. INTRODUCTION [1]. The use of inhibitors is one of the best options
for protecting metals and alloys against corrosion
Corrosion control of metals is of technical, [1, 2]. Corrosion inhibitors are substances that effec-

economic, environmental and aesthetic importance tively reduce the corrosion rate of a metal exposed
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to aggressive fluid environments [3]. The applicabil-
ity of organic compounds as corrosion inhibitors is
well recognized. The environmental toxicity of or-
ganic corrosion inhibitors has prompted the search
for green corrosion inhibitors since they are biode-
gradable and do not contain heavy metals or other
toxic compounds [1]. Metal protection vis these or-
ganic inhibitors comes from the fact that they ad-
sorb on the metal surface to form a protective layer
against corrosive species in the media [4-6]. The
efficiency of an inhibitor depends on many factors,
such as the nature of the metal surface, the type of
corrosive media and the chemical structure of the
inhibitor. The chemical structure of the organic in-
hibitor and its charge density are crucial since they
dictate the mode of adsorption on the metal surface
and the number of metal-surface-active centers that
could be covered [7-9].

Tin is a moderately corrosion resistant mate-
rial that is extensively used in tinplate [10, 11].
The electrochemical behavior of tin in aqueous
solutions is of interest due to its widespread tech-
nological application in soft solders, bronze and
dental amalgam, in addition to its use as tinplate
[11, 12]. Tinplate is light gauge, steel sheet or
strip, coated on both sides with commercially pure
tin and has been used for well over a hundred years
as a robust form of food packaging and beverage
cans [10]. Dissolution of metallic tin, especially
from the inside of a can body into the food content,
has a major influence on the food quality and may
cause toxicological effects [11]. The provisional
tolerable weekly intake for tin is 14 mg/kg of body
weight and the recommended maximum permissi-
ble levels of tin in food are typically 250 mg/kg
(200 mg/kg in the UK) for solid foods and 150
mg/kg for beverages [10].

The corrosion of tin in contact with acidic
environments is attributed to the reversal of its po-
larity and it becoming anodic to iron, since tin is
widely used as a protective coating material for
iron in acidic media, thereby dissolving the latter
[13, 14]. The factors that mainly affect the internal
corrosion of food cans include the properties of
tinplate, the nature of the food process and the pro-
cessing and conditions [14]. To avoid corrosion
attack, different chemical compounds are added to
the aggressive solutions. The most utilized inhibi-
tors in the food industry are nitrites and nitrates
[15]. Fortunately, the dissolution of tin in most cas-
es is accompanied by an oxidation step to form a
passive film that can protect the metal surface from
further corrosion. The thickness of the passive film
and its stability is dependent mainly on its formation
conditions [14, 16, 17]. Passivation of tin in the

presence of carboxylic acids present in different
foodstuffs has also been investigated [11].

This study investigates the inhibition effi-
ciency of carboxylic acids (palmitic and stearic) on
the corrosion of tin in a 0.5 M NaCl solution as a
corrosive medium. The surface modification of tin
by the formation of carboxylic acid self-assembled
monolayers (SAMs) is performed using simple im-
mersion and dip-coating methods with an ethanolic
solution of carboxylic acid. Potentiodynamic polari-
zation and electrochemical impedance spectroscopy
(EIS) are both applied for the investigation. Fourier
transform infrared (FTIR) spectroscopy, optical im-
aging and quantum chemical calculations are ap-
plied to provide insight into the inhibition behavior.

2. EXPERIMENTAL

The tin rod, 99.99 % obtained from Goodfel-
low, UK, sealed into a glass tube with Polirepar S
with a surface area of 0.235 cm?® was used as the
working electrode. Before each measurement, the
working electrode was abraded with SiC paper
(#800 to #2000 grit), followed by ultrasonic clean-
ing with ethanol and redistilled water and drying in
a stream of nitrogen.

The supporting electrolyte was a 0.5 mol
dm NaCl solution of pH 6.0 (adjusted with 0.1
mol dm™ HCI). The solution was prepared using
pro analysis purity grade chemicals (Kemika, Cro-
atia) and redistilled water. The carboxylic acids
used in the study were 1 mmol dm™2 alcoholic solu-
tions of palmitic acid (CH3(CH2)1.2COOH, PA) and
stearic acid (CHs(CH,)16COOH, SA) (Sigma-
Aldrich, > 98.5 %).

The surface modification of tin by the car-
boxylic acid coating, i.e. the formation of carbox-
ylic acid SAMs at the tin surface, was performed
by simple immersion and dip-coating methods. For
the simple immersion method, the freshly prepared
electrode was immersed in the ethanolic solution
of the corresponding acid at 21 + 2 °C for 24 h,
rinsed with distilled water and air dried. For the
dip-coating method onto a freshly prepared tin sur-
face, the coating was formed by dipping the sam-
ples into the ethanolic solution of the correspond-
ing acid at 21 £ 2 °C, which remained immersed
for 15 min, pulling them out at a speed of ~1 cm
min! and drying at 85 °C for 4 h in a regular air-
convection oven. The multilayered coatings on tin
were prepared by cycling the above procedure. A
schematic of the dip-coating method is shown in
Figure 1. Dip coating is a technique that consists of
four stages: dipping, immersion, withdrawing and
drying. This technique offers numerous ad-
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vantages, including inexpensive setup, process
simplicity, uniform deposition, low processing
temperature and the ability to coat complex shapes
and patterns. Heat treatment of the coated substrate
is required to densify the coating layer and to elim-
inate porosity [18].

Withdrawal speed: 1 cm/min I
Number of dips: 1, 5, 10
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Fig. 1. Schematic illustration of dip-coating process

The corrosion behavior of tin was examined
by EIS and potentiodynamic polarization measure-
ments. All electrochemical experiments were per-
formed in a standard three-electrode cell (PAR, Cor-
rosion Cell System) at 21 + 2 °C in a 0.5 mol dm
NaCl solution of pH 6.0. These measurements were
carried out using a Solartron SI 1287 electrochemi-
cal interface and a Solartron SI 1255 frequency re-
sponse analyzer controlled by a personal computer.
The counter electrode was a large area platinum
electrode and the reference electrode, to which all
potentials in the study are referred, was Ag|AgCI,
with 3.0 mol dm™ KCI (E = 0.210 V vs. standard
hydrogen electrode). Both the potentiodynamic (1
mV s) and EIS measurements were performed
after an immersion period of 1 h. Potential-time
measurements show that the steady-state potential
values were established inside this time interval.

EIS measurements were performed at the
open circuit potential (Eoce) of the working elec-
trodes (uncoated and coated) in the NaCl solution,
with an ac voltage amplitude of +5 mV in a fre-
guency range from 100 kHz to 30 mHz. Impedance
data were fitted by a suitable electrical equivalent
circuit (EEC) model, employing the complex non-
linear least squares fit analysis [19] offered by So-
lartron ZView® software. The fitting quality was
evaluated by the chi-squared and relative error val-
ues, which were of the order of 10°-10* and be-
low 5 %, respectively, indicating that the agree-
ment between the proposed EEC model and the
experimental data was good.

The polarization curves, E against j, were
obtained using the linear potential sweep technique
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at a scan rate of v =1 mV s after a 1 h immersion
in the 0.5 mol dm NaCl solution at 21 + 2 °C ina
wide potential range (Eocp/-250 mMV/Eqc/+250
mV) starting from the Eocp to the cathodic direc-
tion, then back to Eocp, and in the anodic direction.

The FTIR measurements were performed us-
ing horizontal attenuated total reflectance method
on a PerkinElmer Spectrum One FTIR spectrome-
ter. The spectra were recorded in the range of 4000
to 650 cm ™ with a scan resolution of 4 cm™.

The surfaces of the working electrode, un-
modified and modified, were photographed using a
Canon EOS 550 d digital camera in order to visual-
ize the carboxylate coating on the Sn surface. A
metallurgical microscope (A 13.0908-A) with a
200x magnification was also used for more in-depth
visualization of the modified surface morphology.

Molecular modeling of the carboxylic acid
molecules was performed using the semiempirical
program from HyperChem 6.0.3.

In order to understand the mechanism of
corrosion inhibition, the adsorption behavior of
carboxylic acids on the metal surface must be
known. For SA, the adsorption isotherm that fits
the experimental results was investigated, i.e. the
surface coverage data was fitted to different ad-
sorption isotherms. The surface coverage was cal-
culated from the measured values of the corrosion
current densities obtained by the Stern-Geary
method measured in carboxylic acid free and car-
boxylic acid containing 0.5 mol dm= NaCl solu-
tions of pH 6.0. Different concentrations of car-
boxylic acids in the range of 1-5 x 10~ mol dm
were used. SA was applied on the electrode surface
within 30 min of immersion at 21 + 2 °C under
stirring with a magnetic stirrer.

The surface coverage, 6, is calculated using
&=1[( —jin) / j] x 100, where j and jinn are the cor-
rosion current densities before and after the corro-
sion inhibition process, respectively.

3. RESULTS AND DISCUSSION
3.1. EIS measurements

The EIS measurements were performed to
obtain relevant data regarding the barrier properties
of the coating-modified tin electrode surface in the
NaCl solution. The EIS spectra of the uncoated and
coated tin electrodes recorded in the 0.5 mol/dm?
NaCl solution at the open circuit potential and
room temperature are shown in Figures 2 and 4.

In the Nyquist plots (Figs. 2 and 4), a ca-
pacitive semicircle with a diameter equal to the
polarization resistance is observed. The value of
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polarization resistance is an indicator of corrosion
resistance, which is inversely proportional to the
corrosion rate. Equivalent circuit modelling was
performed based on the EIS results. The numerical
values of the impedance parameters are listed in
Tables 1 and 2.
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Fig. 2. Impedance spectra of uncoated and coated tin
electrodes recorded at Eoce and room temperature in 0.5
mol/dm? NaCl solution at pH 6. The PA film was formed

by the dip-coating method (one, five and ten cycles
of immersion/drying at 85 °C).
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Fig. 3. Equivalent electric circuits used to fit impedance data

In the EEC (Fig. 3) with two time constants,
which are clearly resolved in the phase angle ver-
sus log f dependence in Figure 2 (EEC denoted A),
the first time constant (Q:R1), in the high and me-
dium frequency ranges, is related to the properties
of the outer part of the porous spontaneously
formed oxide film. Ry is the charge transfer re-
sistance within the pore at the oxidelelectrolyte
interface and Qs is a constant phase element repre-
senting the interfacial capacity of the film pore
walls. The second time constant (QzRz) in the low
frequency range describes the impedance of the
barrier oxide layer + SAM. Re corresponds to the
electrolyte resistance (Rel = 4 Q cm?).

In the EEC (Fig. 3) with one time constant
(EEC denoted B), the R>—Q2 parallel combination
is connected in series with the electrolyte re-
sistance, Rei. Rz is the oxide + SAM resistance and
Q- is a constant phase element that represents the
capacity of the carboxylate SAM. The capacitance
is in EECs expressed in terms of the constant phase
element (CPE) [20] due to the frequency disper-
sion (mostly attributed to the "capacitance disper-
sion"). Its impedance is equal to Z(CPE) =
[(Q(jw)"T*, where Q is a constant, ® is the angular
frequency and n is the CPE power. Whenn =1, Q
represents the pure capacitance, while for n # 1,
the system shows behavior that has been attributed
to the surface heterogeneity [21] or to the continu-
ously distributed time constants for charge transfer
reactions [22].

Figure 2 shows the results of the EIS meas-
urements obtained for the uncoated and PA film
coated tin electrodes formed by the dip-coating
method. From the Nyquist plot, it is evident that
the diameter of the capacitive semicircle grows
with the number of application cycles of the dip-
coating/drying procedure. The highest polarization
resistance, i.e., the highest corrosion resistance, is
indicated for the Sn electrode coated with a PA
film formed after ten cycles of the dip-
coating/drying procedure. From the data presented
in Table 1, it is evident that with increasing dip-
coating/drying cycles, the polarization resistance
(Rp = R1 + Ry) of the protective PA film increases.
In addition, the numerical values of the CPE are
less than those registered for uncoated tin and de-
crease with increasing cycles. This change may be
influenced by increasing film thickness. The CPE
numerical values of 0.70 < n < 1 indicate inhomo-
geneity at a microscopic level at the met-
allelectrolyte interface (surface roughness, ad-
sorbed species and so on). This study also con-
firmed the dip-coating method itself, as one of the
methods for formation of a protective carboxylic
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acid film on the tin surface that can significantly
increase the barrier properties of the passive film,
in order to protect tin from the corrosive chloride
ions. The protection efficiency percentage (PE%)
of the carboxylic acid films was calculated from
PE % = [(Rp,CA - Rp) / Rp,CA] X 100, where Rp and
Rp.ca represent the polarization resistances of spon-
taneously passivated tin and polarization resistanc-

Table 1

es of tin coated with carboxylic acid film, respec-
tively. A PE equal to 76 % for the electrode coated
with a PA film formed after ten cycles of the dip-
coating/drying procedure, while for a lower num-
ber of cycles, the PE decreases. Thus, for example,
for the electrode coated with a PA film formed af-
ter five cycles of the dip-coating/drying procedure
is ~74 %.

Impedance parameters and protection efficiency percentage (PE%) for uncoated and coated tin electrodes
obtained in 0.5 mol/dm® NaCl solution at Eoce. The PA film was formed by the dip-coating method
(one, five and ten cycles).

105><Q1/ Ri/

105 x Q2/ Ro/

Qlem%" M Qcm? Qlcm2" n2 kQcm? PE/%
Sn 22.4 0.72 233 23.8 0.66 20.2 -
Sn_PA_1DC 5.8 0.81 896 15.6 0.69 75.6 73
sn_PA_5DC - - - 48 0.68 80.1 74
Sn_PA_10DC - - - 15 0.91 84.9 76
Ret =4 Q cm?

PA: palmitic acid; 1 (5 or 10) DC: 1 (5 or 10) cycle(s) of immersion / drying at 85°

Table 2

Impedance parameters and protection efficiency percentage (PE%) for uncoated and coated tin electrodes
obtained in 0.5 mol/dm?® NaCl solution at Eoce. The PA and SA films were formed by the dip-coating
(ten cycles) and immersion methods (24 h).

105XQ1/ R1/

10° x Qz/ Rz/

Qlem2s" M Qcm? Q-lcm2s" N2 kQcm? PE/%
Sn 22.4 0.72 233 23.8 0.66 20.2 -
Sn_PA 10DC - - — 15 0.91 84.9 76
Sn_PA 2.4 0.91 3226 4.4 0.59 60.8 68
Sn_SA 10DC - - — 3.5 0.88 159.1 87
Sn_SA 1.3 0.91 4359 1.2 0.62 128.8 85
Rel =4 Q cm?

PA: palmitic acid; SA: stearic acid; 10DC: 10 cycles of immersion / drying at 85°

Figure 4 shows the impedance spectra of the
uncoated and coated Sn electrodes. The Sn elec-
trode was coated by the carboxylic acid film (PA
or SA) formed by the two methods. All spectra are
almost the same shape as those shown in Figure 2
and are therefore fitted to the same EECs. From the
data given in Table 2 and Figure 4, it can be seen
that the electrode coated with a PA or SA film
formed by one method or another has a higher ca-
pacitive semicircle, i.e. polarization resistance,
compared to the polarization resistance of the un-
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coated Sn electrode. Its significant increase points
to a change in the film composition, i.e., adsorption
of carboxylic acid, which is responsible for in-
creasing the barrier properties. From the above
data, it is also evident that as the length of the hy-
drocarbon chain increases, the capacitive semicir-
cle, i.e. the polarization resistance of the tin elec-
trode, increases [6]. Thus, the largest numerical
value of PE equal to 87 % was obtained for the Sn
electrode coated with a SA film formed after ten
cycles of the dip-coating/drying procedure.
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Fig. 4. Impedance spectra of uncoated and coated tin
electrodes recorded at Eocp and at room temperature in 0.5
mol/dm? NaCl solution. PA and SA films were formed
by the dip-coating (ten cycles of immersion/drying at 85 °C)

and immersion methods (24 h).

3.2. Potentiodynamic polarization measurements

Polarization measurements were carried out
to gain knowledge regarding the kinetics of the
cathodic and anodic reactions and to determine
how the inhibitory effect acted. Figure 5 shows the
polarization curves of the uncoated and coated tin
electrodes in the 0.5 mol/dm® NaCl solution. The
Sn electrode was coated with carboxylic acid
(PAJSA) films formed by dip coating or by simple
immersion. Measurements were carried out over a
wide range of potentials around the Eoce at a scan
rate of 1 mV/s and room temperature. By increas-
ing the number of dip-coating/drying cycles, the
values of the anodic and cathodic corrosion current
density of the tin electrode also decreased, result-
ing in an increase in corrosion resistance (not
shown here).

From Figure 5 it can be seen that the values
of the cathodic and anodic current density of the
tin electrode coated with carboxylic acid (PA/SA)
films formed by both deposition methods are visi-
bly decreased. In the anode branch, the current
densities of the coated tin electrode are character-

ized by a passive area, followed by a sharp in-
crease in current density (film breakdown poten-
tial), indicating that the surface film suppresses the
reaction of the anodic oxidation. In the cathode
branch, values of Tafel slopes ranging from —157
to —229 mV decade’ indicate that the hydrogen
reduction reaction takes place at electrodes covered
by the surface film [5, 23].

Table 3 summarizes the electrochemical ki-
netic parameters of the Tafel extrapolations (Ecor.,
be, ba, jeor. and PE %). The PE % of the carboxylic
acid films was calculated by PE / % = [(jeor. — jcor.cA)
/ jeor] % 100, where jeor. and jeor.ca represent the cor-
rosion current density of spontaneously passivated
tin and corrosion current density of tin coated with
carboxylic acid films, respectively. The increase in
dip-coating/drying cycles results in a considerable
regular decrease in corrosion current density (jeor)
and a regular increase in PE %, where a PE % of 96
% was achieved for the SA film formed by the dip-
coating method (ten cycles). The extrapolated corro-
sion current density is affected by the length of hy-
drocarbon chains of the carboxylic acid (Table 3).
The polarization curves shown in Figure 5 and the
values of corrosion parameters shown in Table 3
once again have confirmed the protective effect of
carboxylic acids on the corrosion of tin in the 0.5
mol/dm® NaCl electrolyte solution.

10" | — sn

E —— Sn_PA_10DC
10° [ — Sn_PA

£ Sn_SA_10DC

Sn_SA

10-5: 1 | 1 1 | 1
08 -07 -06 -05 -04 -03

E 'V vs. Ag/AgCI

Fig. 5. Tafel plots for uncoated and coated tin electrodes recorded
in 0.5 mol/dm? NaCl solution for pH 6 and v=1mV s PA
and SA films were formed by the dip-coating (ten cycles of im-
mersion/drying at 85 °C) and immersion methods (24 h).

It is also observed that the addition of the
tested inhibitors retards both the cathodic and an-
odic reactions; however, the cathodic reactions are
comparatively more affected than the anodic ones,
suggesting that the investigated inhibitors are
mixed type inhibitors and predominantly act as
cathodic inhibitors [24, 25]. Other films have also
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shown high efficiencies, so both deposition meth-
ods have shown to be effective for forming films
that successfully prevent the corrosion of the tested
tin electrode in this electrolyte. The corrosion rate
decrease is attributed to inhibitor adsorption on
active metal sites [24], present on the tin surface,
which is the primary step in achieving inhibition in

Table 3

the NaCl solution. The coating film provides cor-
rosion protection to metallic substrates by acting as
a barrier against electron and ion diffusion [18],
thus reducing electrochemical reactions at the in-
terface of Sn and electrolyte. The obtained results
from Tafel polarization showed good agreement
with the EIS measurements.

Corrosion kinetic parameters for uncoated and coated tin electrodes recorded
in 0.5 mol/dm?® NaCl solution at pH 6 and v =1 mV s™. The PA and SA films
were formed by the dip-coating (ten cycles) and immersion methods (24 h).

—be/ ba / Jeorr. 1 ~Ecorr./ PE/%
mvV mvV pA cm mV
Sn 157 93 12.7 524 -
Sn_PA_10DC 214 41 2.9 532 7
Sn_PA 225 13 1.0 567 92
Sn_SA_10DC 229 11 05 575 96
Sn_SA 216 28 2.3 525 82

PA: palmitic acid; SA: stearic acid; 10DC: 10 cycles of immersion / drying at 85 °C

3.3. Electrode surface analysis

3.3.1. FTIR measurements

After the electrochemical measurements,
FTIR analysis of the tin electrode surface was per-
formed to determine the presence and some struc-
tural characteristics of the protective SA surface
film. Figure 6 shows the FTIR spectra of the tin
plate on which SA was applied with ten dip-
coating/drying cycles) and the tin plate on which
SA was applied by the immersion method (24 h
immersion in SA solution).

In the FTIR spectra, the peaks at 2852 cm™
and 2922 cm* assigned to symmetric (2852 cm™)
and asymmetric (2922 cm™) C—H stretching vibra-
tions, respectively, indicate that SA has been suc-
cessfully adsorbed [26]. Peaks at ~1540 cm™ are
attributed to the stretching vibration of carboxyl
groups (-COQ") [6, 27, 28]. In the FTIR spectra of
a tin plate on which SA was applied by the dip-
coating method, the C-O stretching band occurs at
1464 cm* while the band at 1413 cm™ is related to
stretching vibrations of the C-O-H bond [29]. In
the FTIR spectra of a tin plate on which SA was
applied by the immersion method, the peak at 1709
cmt is carbonyl group C=0 stretching vibration
absorption peak [27, 29]. Compounds containing a
carboxyl group act as highly effective inhibitors
for chloride ion penetration through a passive sur-
face film exist on the various metals and alloys,
due to their competitive adsorption on the oxide
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film, since carboxylate ions are harder bases than
chloride ions [6, 30].
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Fig. 6. FTIR spectra of tin coated with SA film formed by
(A) dip-coating and (B) immersion methods
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3.3.2. Optical microscopy analysis

Optical microscopy analysis of the tin elec-
trode surface was performed after the potentiody-
namic polarization measurements. The optical im-
age of uncoated and coated tin sample surfaces is
shown in Figure 7. The SA SAM was formed by
the dip-coating (ten cycles) and immersion meth-

ods (24 h). From the microscopic images, it can be
seen that both methods lead to the formation of a
SA film homogeneously distributed on the tin elec-
trode surface. The SA film almost completely co-
vers electrode surface that is then barely visible
below the film, which is an indicator of good SA
film adhesion.

~"2:Q-'0"'u'_m

N T

Fig. 7. Optical image of uncoated tin sample surface (A), tin sample surface coated with SA SAM formed
by dip-coating (ten cycles) (B) and immersion methods (24 h) (C)

3.4. Adsorption isotherm

The effectiveness of different carboxylic ac-
ids as corrosion inhibitors is also related to the ex-
tent of adsorption of their molecules and how these
molecules can cover the metal surface and protect
it from continuous corrosion. The adsorption pro-
cess depends on the structure of the inhibitor mole-
cules, the surface charge of the metal and the con-
stituents of the electrolyte [11]. The numerical val-
ues of @ for different concentrations of SA were
used in determining the isotherm, which described
the best adsorption of stearate ions on the tin sur-
face. Figure 8 shows that the experimental data fit
best (regression coefficient of 0.999) the Langmuir
adsorption isotherm: ¢/ = 1/Kqgs + ¢, where Kags is
the adsorption constant in dm® mol™* and ¢ is the
SA concentration in mol dm>. The relationship
between the adsorption constant (Ka.s) and the
Gibbs free energy of adsorption (AGags) is given

by:

1 —AG 45
Kads = ECX}) ( RTd )1 (1)

where R is the universal gas constant, T is the ab-
solute temperature, T = 298 K, and 55.5 is the con-
centration of water in the solution in mol dm,

The Langmuir adsorption isotherm has been
reported for the adsorption of SA on metal surfaces
[24]. The adsorption constant and Gibbs free ener-
gy were determined to be Kas = 2578 dm?® mol™
and AGas = —29.4 kJ mol ™. The negative value of
AGqgs suggests that the SA adsorbs spontaneously
on the tin surface and indicates an electrostatic in-
teraction between the metal surfaces and carbox-
ylic acid. Generally, the values of AGas up to —20
kJ mol™ are consistent with electrostatic interac-
tions between molecular ions and the substrates,
while those around —40 kJ mol™ involve chemi-
sorption [31, 32].

The quantum chemical approach was used to
obtain a better understanding of the relationship
between the investigated molecules inhibition effi-
ciency and molecular structure. The insert of Fig-
ure 8 shows an optimized structure of the SA mol-
ecules with a density of electrons in the highest
occupied molecular orbital (HOMO). According to
the description of the frontier orbital theory, the
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HOMO is often associated with the electron donat-
ing ability of an inhibitor molecule. High Enomo
values indicate that the molecule tends to donate
electrons to the metal with unoccupied molecule
orbitals [1]. This result indicates that the adsorp-
tion of inhibitor onto the metal surface can occur
on the basis of donor-acceptor interactions between
inhibitors’ 7 electrons and the vacant d-orbitals of
the metal surface atoms. Investigated carboxylic
acids have the highest density of electrons in the
carboxylic group and it can be considered as a reac-
tion canter for binding to the surface oxide [6, 24].

0.016

Langmuir adsarption isotherm
0014 F cro=1/K, +c

0.012 - e
0.010 - (s
0.008 I & ¢

0.006 I & ¢
0.004 gt
0.002 -
0.000 -

¢ /6 (mol dm™)

3 A

Kags = 2578 dm mol
-1

AG,gs = -29.4 kd mol

0 1 2 3 4 5 6
¢ (mmol dm®)

Fig. 8. Langmuir adsorption isotherm for tin electrode in a 0.5

mol/dm® NaCl solution containing SA. The insert shows the

optimized structures of the SA molecules with the density of
electrons in the highest occupied molecular orbital.

4. CONCLUSIONS

Tin electrode surfaces were modified with
organic acid SAMs formed by dip-coating (one,
five and ten cycles) and immersion methods. EIS
and potentiodynamic polarization results show that
the carboxylic acid film formed either by the dip-
coating or immersion methods significantly in-
creases the corrosion resistance of the tin electrode
in a 0.5 M NaCl solution. The potentiodynamic
polarization curves indicate that these carboxylic
acids act as mixed-type inhibitors, with more po-
larized cathodic than anodic curves. The adsorp-
tion of stearic acid follows the Langmuir adsorp-
tion isotherm and the free energy of adsorption was
calculated to be —29.4 kJ mol™?, which reveals
physical adsorption. FTIR spectroscopy and optical
imaging confirmed the stability and adhesion of
the carboxylic acid protective SAMs. The highest
corrosion protection efficiency was obtained for
the tin electrode modified with the SA film formed
by the dip-coating method (ten cycles).
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