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Cystine and cysteine as green corrosion inhibitors of the 7075 aluminium alloy in 0.1 M NaCl
solution were analysed and compared. The inhibitive efficiency of the inhibitors was analysed
by applying linear polarization resistance (LPR) and electrochemical impedance spectroscopy
(EIS) methods. Different concentrations of both inhibitors in NaCl solution were tested under
different temperatures and times to determine the corrosion kinetic and thermodynamic
parameters. Optical microscopy (OM) and scanning electron microscopy (SEM) were used for
analysis of the aluminium alloy surface before and after the electrochemical measurements.
The hydrophilicity of the alloy surface with tested inhibitors was compared by applying contact
angle measurements. The results showed that cystine and cysteine are effective corrosion
inhibitors, with different characteristics and duration of protection on the tested aluminium
alloy. Cysteine showed better efficiency for short-term applications while cystine provided

more stable protection over a longer period.

Keywords: aluminium alloys, AA7075, green corrosion inhibitors, EIS, SEM/
EDS.

1. Introduction

Aluminium alloy from the 7xxx series (7075 aluminium alloy) is
known for its high strength, low density, good thermal properties and
polishability. They are widely used in the automotive and aviation
industries (Nakata et al. 2000). The 7075 alloy contains zinc as the
main alloying element and magnesium and copper in smaller amounts
(Vargel 2004).

Different heat treatments are applied to aluminium alloys, such as
AA7075, to achieve improved mechanical properties (Vargel 2004).
Aluminium alloy 7075 is usually used after one- or two-step ageing.
During one-step ageing (T6 thermal treatment), Guinier-Preston (GP)
zones and semi-coherent precipitates n’ are formed, ensuring the alloys
maximum strength. In two-step ageing (T73 heat treatment), the 7075
alloy acquires a microstructure that provides high resistance to stress
corrosion cracking, with a certain reduction in the strength (L. L. Wei
et al. 2015; M. O. Speidel 1972). After one-step and two-step ageing,
aluminium alloys have relatively low corrosion resistance, especially
to pitting corrosion, so it is important to develop a procedure for their
protection.

Aluminium alloys form a protective oxide film (Al203) on their
surface in an atmospheric environment, giving them good corrosion
resistance. However, the corrosion resistance of the aluminium alloys
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is easily degraded in acidic and alkaline environments. Specifically, the
presence of chloride ions (for example in the sea atmosphere) reduces
the corrosion resistance of the aluminium alloys (Nakata et al. 2000)
and causes localized types of corrosion, such as pitting, intergranular,
stress corrosion cracking, and exfoliation corrosion (Andreatta, Terryn,
and De Wit 2004; V.S Sinjavskij, V.D. Valjkov 1986).

Among various corrosion protection strategies, corrosion inhibitors
are the simplest and most economical approach used in the industry.
By adding an inhibitor to the corrosion medium, the corrosion rate is
reduced to an acceptable level (Constable, Curzons, and Cunningham
2002; Swatloski et al. 2002).

Compounds containing hexavalent chromium which are very
effective in metal corrosion protection, are restricted in the European
Union due to their high toxicity and carcinogenicity (Directive (EU)
2022/431; Costa and Klein 2006), so there is a wide research effort
to find adequate green (eco-friendly) inhibitors. Amino acids as green
corrosion inhibitors have shown great potential in the corrosion
protection of steel, copper alloys and aluminium alloys, besides other
green organic acids.

Cysteine is a very common amino acid found in many proteins and
enzymes, such as keratin in hair. The chemical formula of cysteine is
C3H7NO2S. Cysteine contains amino (-NH2), carboxyl (—COOH)
and thio (—SH) groups and can form complexes with many metals. In
addition, cysteine can form bonds with metal surfaces, through all three
mentioned functional groups, allowing a wide range of possibilities for
corrosion protection (Costa and Klein 2006).
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The cystine is an amino acid and it is present in digestive enzymes,
cells of the immune system, skin and hair, but it is most often obtained
from two molecules of cysteine. The formula of cystine (SCH2CH(NH2)
CO2H)2 shows that it has two carboxyl groups, two amino groups and
a disulphide bond.

Corrosion inhibition properties of cysteine have been tested on
several metals. It has been used as a corrosion inhibitor on aluminium
alloys Al-Mn (AA3003) (El Ibrahimi et al. 2018), carbon steel (B. Zhang
et al. 2015), as well as on copper alloys Cu-30Ni (Saifi et al. 2010), Cuz-
Zn-5A1-1Sn (Shinato et al. 2019) and Cu(111) monocrystal (Milosev et al.
2013). While cysteine itself has been extensively studied, its derivative,
cystine, has been less investigated. Cystine has been tested only on mild
steel (Morad 2008; B. A. ABD-E1-NABEY 1985) and iron (Hluchan, et
al. 1988), in acidic environments. Zhang (B. Zhang et al. 2015) showed
that under acidic conditions cystine is more effective than cysteine.
Cysteine potentially offers greater stability due to its two groups (-NH
and -COOH), which can be stably adsorbed, while cysteine also has a
-SH group which, although also adsorbable, is prone to oxidation and
disulphide bond formation (P. Zhang et al. 2023).

This work represents an innovative contribution to the study of
green corrosion inhibitors in neutral environments, especially in
NaCl solution, which is relevant for aluminium and its alloys, which
are often exposed to chloride solutions. While cysteine is an effective
corrosion inhibitor in neutral environments, there is a lack of data on
the behaviour of cystine in the same conditions.

In this work, a comparison of cystine with cysteine was performed
to clarify its inhibitive properties. Given that aluminium and its alloys
are widely used materials in industry and everyday use, the results
of the research have practical applications. The advantage of cystine
is its stability and ability to adsorb efficiently, which may lead to
the development of new and more effective corrosion inhibitors for
aluminium alloys in neutral environments.

2. Experiment

2.1. Materials

The chemical composition of the 7075 aluminium alloy was
determined using the XRF (Olympus Vanta C Series Handheld XRF
Analyzer) method. The tested specimens were made of the aluminium
alloy 7075-T6 (one-step ageing). This thermal condition contributes
to high strength and good mechanical properties and low corrosion
properties. Before testing, specimens were wet polished with abrasive
papers (SiC) up to 1500 grit, degreased with ethanol, washed with
distilled water and dried.

2.2. Solution preparation

Experiments were performed in 0.1 M NaCl solution, without and
in the presence of corrosion inhibitors. Different concentrations of
the inhibitors were tested in the range from 0.03 mM to 0.1 mM. The
chemicals used for the preparation of the solutions are NaCl (p.a. grade,
Sigma Aldrich), cysteine (=98 %, Sigma Aldrich), cystine (99 %, Across
Organics) and bi-distilled water (high purity water 18 MQ cm resistance,
produced using Milli-Q Water Purification Systems).

The two-dimensional (2D) structures of cystine and cysteine are
shown in Figure 1.

NH,

HS OH

NH,
cysteine

NH,
a) b)

Fig. 1. Two-dimensional (2D) chemical structure: a) cysteine and b) cysteine.
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2.3. Linear Polarisation Resistance (LPR)

The linear polarization technique was used to determine the value
of polarization resistance (R) of the aluminium alloy specimens
(AA7075) in 0.1 M NaCl solution, without and in the presence of
investigated corrosion inhibitors (cysteine and cystine). The R value
is inversely proportional to the corrosion current density (j, ) and the
corrosion rate (Cp). The aluminium alloy specimen in the solution was
polarized in a narrow potential range (+15 mV) relative to the corrosion
potential (E_ ), starting from the cathodic to the anodic region, and
the corresponding value of current density (j) was registered. The
applied sweep rate was 0.167 mV/s. The value of R is determined as
the slope of the experimental E—j curve, at the corrosion potential. The
measurements were carried out by applying a potentiostat/galvanostat/
ZRA GAMRY 1010E device, in the three compartment electrochemical
cell with volume of 150 cm3. The working electrode was the aluminium
alloy (surface area 1 cm?), the counter electrode was a Pt-mesh, and the

reference electrode was a saturated calomel electrode (SCE).
2.4. Electrochemical Impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy measurements were
performed in a conventional three-electrode electrochemical cell in
a 0.1 M NaCl solution, without and in the presence of investigated
corrosion inhibitors. For all electrochemical experiments, the same
electrochemical cells and electrodes, and the same electrochemical
device as in the LPR method were used. After establishing a relatively
stable E__, a sinusoidal voltage signal of +10 mV was applied relative
to the corrosion potential in the frequency range from 100 000 to 0.01
Hz. The obtained results were analysed using Gamry Echem Analyst
software.

2.5. SEM/EDS analysis

Microstructural analyses of 7075 aluminium alloy specimens before
and after electrochemical testings were performed using scanning
electron microscopy (SEM). Before analysis, specimens were polished
with abrasive paper with a grain size of up to 1500, and then polished
using Al O, polishing paste with grain sizes up to 0.3 pm. The specimens
were cleaned in a water ultrasonic bath for 20 min and then degreased
with ethanol. Analysis was performed using a scanning electron
microscope JEOL JSM-6610LV, equipped for EDS measurements.

2.6. Optical microscopy

An optical microscope was used to study the morphological changes
on the surface of the aluminium alloy. A macro view of the surface
of 7075 aluminium alloy, after immersion for 10 days in 0.1 M NaCl
solution, without and in the presence of investigated corrosion inhibitors
(cysteine and cystine), was recorded using an optical microscope Delta
Optical Smart 5MP PRO digital USB microscope.

2.7. Contact angle measurements

The contact angle measurements on the surface of the aluminium
alloy specimens were performed after 24 h immersion in a 0.1 M
NaCl solution, without and in the presence of investigated corrosion
inhibitors (cysteine and cystine). This method allows visualization of
the effect of the NaCl solution with the presence of corrosion inhibitors.
After immersion, the aluminium specimens were removed, rinsed with
bi-distilled water and dried. The measurement was performed at room
temperature, by placing a drop of bi-distilled water on the surface of the
aluminium alloy. The contact angle was recorded using a Delta Optical
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Smart 5MP PRO digital USB microscope, and the value of the contact
angle was determined using Image-Pro Plus 4.0 image analysis software
(Media Cibernetics Inc., Rockville, MD, USA).

2.8. Kinetics and Thermodynamics analysis

Physically adsorbed inhibitors interact quickly but are easily
desorbed from the metal surface. In contrast, chemically adsorbed
inhibitors involve the sharing or transfer of electrons between the
inhibitor and the metal making the inhibitors more effective.

Physically adsorbed inhibitors lose their effectiveness at higher
temperatures and require a higher concentration, while the effectiveness
of chemisorbed inhibitors increases to the point of molecular
decomposition.

The kinetic parameters, as activation energy (Ea), can be obtained
based on the Arrhenius equation (Nakom¢éi¢ 2016):

Ea 1
. =A-exp| ———
Jewr p( RT)

Where: j,_ is the corrosion current density which is directly
proportional to the corrosion rate (C,), A is the pre-exponential factor,
E_is the activation energy, R is the universal gas constant, and T'is the
temperature.

Another form of the Arrhenius equation is (Nakom¢ié¢ 2016):

C_RT (A (AS 2
Jeorr Nh p RT p R

Where: AH° is activation enthalpy, AS° is activation entropy, h is
Plancks constant and N is Avogadros number.

The inhibitor adsorption constant (Kads) can be determined based
on the adsorption isotherm. The adsorption isotherm describes a
relationship between the surface coverage of the inhibitor and its
concentration in the solution. Mathematical forms of adsorption
isotherms are used to analyze the ability of corrosion inhibitors to adsorb
on the metal surface as a function of concentration (M.G. Fontana
1987). To obtain an isotherm, it is necessary to determine the degree of
surface coverage (0) in relation to the inhibitor concentration. Values of
0 can be determined by electrochemical impedance spectroscopy, and
are calculated as inhibition efficiency, IE(%)/100.

To determine the inhibitor adsorption, it is important to apply
isotherm which describes the process the best. The Langmuir isotherm
is given by the following equation (A. El-Haleem et al. 2013):

0 k..
1-6 3
Where: K is the Langmuir adsorption constant, and c is the molar
concentration of the inhibitor.
The Langmuir isotherm can also be represented in the form (A. El-

Haleem et al. 2013; Tawfik 2015):

c 1
—=—+const

Thermodynamic parameters of inhibitor adsorption include standard
Gibbs energy of adsorption (AG,,°), standard enthalpy (AH,,°) and
standard entropy (AS,, °). These parameters provide information on
the spontaneity of adsorption and the thermodynamic stability of the
inhibitor on the metal surface. Also, they indicate changes in energy and
energy distribution in the process of corrosion or corrosion inhibition,
which is crucial for the selection and application of adequate corrosion
inhibitors.

The equilibrium standard Gibbs energy is related to the Langmuir
adsorption constant (K) through the following equation (A. El-Haleem
et al. 2013):
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Where the value 55.5 represents the concentration of water in the
solution expressed in mol/1.

The fundamental thermodynamic relation between the standard
adsorption Gibbs energy and equilibrium constant is (Kokalj 2023):

AG® 6
K, =exp| ——
e p[ RT J

The temperature dependence of the adsorption constant is calculated
using the Vanthoff equation (Uhlig and Revie 1985):

AH
InK , =———%+const 7
RT
3. Results and discussion
3.1. Materials

The chemical composition of AA7075 determined using XRF method
is given in Table 1.

Table 1. Chemical composition of AA7075, wt. %.

Zn Mg Cu Mn Cr Fe Si Al

AA7075 6.90 2.64 1.62 0.27 0.24 0.20 0.09 rest

SEM/EDS analysis of the aluminium alloy before testing in NaCl
solution

The surface morphology and chemical composition of the polished
7075 aluminium alloy were analyzed by applying SEM/EDS. The
7075 aluminium alloy has a complex microstructure. In addition to
strengthening precipitates of the nanometer size (GP zones and n°
precipitates), this alloy contains intermetallic compounds (IMC) of the
micrometre size that can be anodic or cathodic relative to the aluminium
matrix (Fang et al. 2012; R. P. Wei, Liao, and Gao 1998).

Figure 2 presents SEM microphotographs of the 7075 aluminium
alloy surface. Intermetallic compounds in the AA7075 alloy are seen
as dark and light particles on the matrix area. The composition of the
anodic and cathodic IMCs is analysed by the EDS and results are given
in Table 2.

Anodic IMCs are darker than the aluminium matrix (Figure 2). EDS
analysis showed that these IMCs are rich in Mg, Zn and Si (Spectrum
2, Table 2). Anodic IMCs dissolve in the initial period of the corrosion
process and, due to their low dimensions, practically do not affect the
corrosion properties of the examined aluminium alloy.

Cathodic IMCs are brighter than the aluminium matrix (Figure
2). They are rich in Fe and Cu, which is confirmed with EDS analysis
(Spectrum 1, Table 2). During the corrosion process in a neutral NaCl
solution, on the surface of the cathodic IMCs, the oxygen reduction
reaction occurs. The presence of the cathodic IMCs on the surface of the
aluminium alloy significantly decreased its corrosion properties. On the
border of the cathodic IMCs occur different types of localized corrosion,
such as pitting corrosion, intergranular corrosion etc.

Table 2. Results of EDS analysis of the 7075 aluminium alloy (from Figure 2)

in mass. %
Zn Mg Cu Mn Cr Fe Si Al
Spectrum 1 2.0 0.0 3.5 5.1 2.3 16.3 4.3 Rest
Spectrum 2 9.3 7.7 2.1 0.0 0.4 0.0 2.1 Rest
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Fig. 2. SEM microstructure of 7075 aluminium alloy at different magnifications.

3.2. SEM analysis of the aluminium alloys after immersion in NaCl
solution

The microstructure of the 7075 aluminium alloy after 24 h immersion
in 0.1 M NaCl solution is analysed by SEM and a representative
microphotograph is shown in Figure 3. Trenches along the edge of
cathodic intermetallic compounds (IMCs) are visible. These trenches are
formed in the presence of chloride ions, as a consequence of the anodic
dissolution of the aluminium matrix in its vicinity, due to the potential
difference between matrix and cathodic IMCs. The localized types of
corrosion, such as pitting and intergranular corrosion, gradually form
in places of formed trenches (Kappes et al. 2008; Goswami et al. 2013).

Fig. 3. SEM microphotograph of the 7075 aluminium alloy surface after 24 h of
treatment in pure NaCl solution.

To protect the aluminium alloy surface from corrosion degradation,
it is reasonable to use different protective strategies for corrosion
protection. Using corrosion inhibitors is one of the simplest and most
economical approaches.
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3.3. Optimisation of corrosion inhibitor concentration

Determining the optimal concentration of inhibitor is a key step
in researching the effects of corrosion protection. Using different
electrochemical methods, the effectiveness of inhibitors (cystine
and cysteine) in different concentrations was investigated. The
linear polarization resistance (LPR) and electrochemical impedance
spectroscopy (EIS) methods were applied. The LPR and EIS methods
are the most commonly used non-destructive methods to investigate
the efficiency of the inhibitors.

3.4. LPR method

Cysteine is an organic compound, and depending on the environment
in which it is found, it can be an anodic, cathodic or mixed inhibitor
(Raja et al. 2014). To determine the optimal amount of the inhibitors,
several concentrations in the range of 0.03 mM — 0.1 mM of cysteine
and cystine were tested for up to 72 h.

Figure 4 shows examples of the E-j polarization diagrams obtained
by the LPR measurements, for the lowest (0.03 mM, Figure 4a) and the
highest (0.1 mM, Figure 4b) concentrations of cysteine and cystine, after
24 hours of testing. The slope of the curves (AE/Aj) on the corrosion
potential corresponds to the values of polarization resistance (R)).

The cystine has a higher value of polarisation resistance (R) than
cysteine for all concentrations. Results of LPR measurements for tested
inhibitors in different concentrations and at different times are given
in Table 3.

Over time, a decrease in R value is observed for both inhibitors
(Table 3). Generally, cystine showed a higher R value compared to
cysteine during all tested periods.

After 24 h testing, the value of R increased with increasing
concentration of cysteine. On the other hand, the reverse trend was
observed with cystine (the value of R decreased with increasing
concentration of cystine). This difference in the polarisation resistance
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Fig. 4. LPR diagrams for different concentrations of cysteine and cysteine: a) 0.03 mM and b) 0.1 mM, after 24h.
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between the two inhibitors suggests their different mechanisms of

action.

Table 3. Values of polarization resistance (Rp) for different concentrations of

cysteine and cystine, during different times on the 7075 aluminium alloy

Inhibitor Time, h Concentration, mM Rp (kQ cm?)
24 5.51
NacCl 48 [ 4.63
72 3.79
24 42.8
48 0.03 36.0
72 29.9
24 51.3
cysteine + NaCl 48 0.05 32.6
72 21.5
24 534
48 0.10 38.5
72 24.8
24 120
48 0.03 98.9
72 79-5
24 96.3
cystine + NaCl 48 0.05 71.4
72 67.5
24 72.6
48 0.10 70.5
72 60.9
70 1% 0.1 mM cysteine
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3.5. EIS method

To complete the results obtained by the LPR method, the EIS
measurements were performed to evaluate the behaviour of both
inhibitors in different concentrations. The obtained results are shown
in Figure 5 and Table 4.

The diameter of the semicircle in the Nyquist plot (Figure 5)
corresponds to the value of the polarization resistance. If the semicircle
is incomplete, the polarization resistance value is determined by fitting
the experimental data until the semicircle becomes well-defined. The
fitting program provided by GAMRY potentiostat is used to analyze the
experimental results.

The EIS results were analyzed using an Equivalent Electrical Circuit
(EEC) with a one-time constant (Figure 6). The same EEC was applied to
analyze the results of the aluminium alloy after treatment in pure NacCl
solution. The EEC consists of electrolyte resistance (R ), polarisation
resistance (Rp) and constant phase element (CPE).

CPE
Re

Ryp

Fig. 6. Equivalent Electrical Circuit (EEC) used for EIS results analyte.
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Fig. 5. Nyquist plots for different test times of: a) cysteine and b) cystine, c¢) 1 h test of cysteine and cystine, and d) 24 h test of cysteine and cystine in 0.1 M NaCl, on

the 7075 aluminium alloy, at room temperature.
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The constant phase element (CPE) is a complex quantity obtained by
fitting the results obtained by EIS. The constant phase element consists
of Yo and n. CPE includes all inhomogeneities of the metal surface and
inhibitor layer. The value of the n indicates the difference Yo from ideal
capacitance. For the ideal semicircle of the Nyquist diagram value of the
n is equal to 1. The effective capacitance value (Ceff) is calculated using
the following formula (Hirschorn et al. 2010):

For 24 h, 48 h and 72 h testing, cystine had a better efficiency
compared to cysteine for all concentrations, while cystine for some
reason showed to be a better inhibitor in the initial time of testing (1 h).
It is possible that in the case of cysteine (which has a free -SH group), the
direct binding of sulfur to the 7075 aluminium alloy surface occurred,
already in the initial period of the test (1 h), thereby ensuring a higher
value of polarization resistance (RP). On the other hand, in the case of
cystine, sulfur is bound in the -S-S- group, so it takes time to break the
bond between the sulfur atoms and its binding to the surface of the
aluminium alloy. Also, as a result of the breaking of the -S-S- bond, two
cysteine molecules are obtained (each of which contains one atom of
highly inhibitory effective sulfur), that is, twice the concentration of the
inhibitor is obtained.
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For further investigations, it was unnecessary to conduct experiments
at all concentrations, as this is a comparative study. Therefore, a single
concentration of 0.1 mM inhibitor was selected.

3.6. SEM analysis of the aluminium alloys after immersion in NaCl
inhibitors solution

SEM analysis due to its limitations can not detect organic compounds
on the surface of the examined specimen. Figure 7 shows the SEM
microphotography of the aluminium alloy after immersion in a 0.1 M
NaCl solution without and in the presence of the investigated corrosion
inhibitors (cysteine and cystine). The surface of the aluminium alloy
after 24 h immersion in a 0.1 M NaCl solution in the presence of cysteine
was not affected by corrosion (Figure 7a), and its morphology looks like
an untreated polished sample, as shown above in Figure 2. A thin layer
of adsorbed cysteine, as an organic inhibitor, is not visible under the
SEM microscope, but the undamaged surface of the aluminium alloy
confirms the presence of the thin inhibitory layer. Also, in the case of the
cystine, organic compounds on the surface of the examined specimen
cannot be detected and a similar microstructure as with cysteine was
obtained (Figure 7b).

Table 4. Data obtained by fitting the EIS diagram of cysteine and cystine depending on their concentration and time, on the 7075 aluminium alloy

CPE
Inhibitor Time, h Concentration, mM Rp, kQ cm? Ilf? srfr’ﬁ
Yo/10-6,s Q' cm™ n
NaCl 1 o 16.1 4.56 0.946 5.81
24 5.51 26.4 0.895 474
48 4.63 27.4 0.898 44.7
72 3.79 45.0 0.882 89.6
NaCl + 1 0.03 120 5.04 0.901 10.2
cysteine 24 47.3 7.77 0.864 19.7
48 29.6 8.98 0.867 21.2
72 17.8 12.1 0.866 27.8
1 0.05 296 4.43 0.940 7.01
24 46.5 5.53 0.919 9.01
48 22.5 7.65 0.899 13.6
72 13.3 11.3 0.889 21.0
1 0.10 150 5.37 0.916 9.91
24 30.8 8.74 0.890 17.5
48 20.1 11.2 0.880 23.4
72 13.6 15.2 0.878 31.8
NaCl + 1 0.03 89.8 4.86 0.937 7.31
cystine 24 80.0 5.24 0.911 9.44
48 41.6 5.60 0.903 10.1
72 18.6 8.32 0.907 13.9
1 0.05 257 4.22 0.934 6.92
24 75.4 5.18 0.917 8.89
48 60.0 5.54 0.908 9.98
72 59.7 5.83 0.903 10.9
1 0.10 72.6 4.70 0.929 7.33
24 58.8 8.35 0.876 20.1
48 57.7 9.69 0.859 27.4
72 539 10.6 0.847 33.4
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Fig. 7. SEM microphotograph of 7075 aluminium alloy after 24 h of treatment in 0.1 M NaCl solution in the presence of: a) 0.1 mM cysteine and b) 0.1 mM cysteine.

In the case of aluminium alloy after immersion in a 0.1 M NaCl
solution without investigated inhibitors, trenches along the boundaries
of cathodic IMCs are visible (Figure 7¢). Localized corrosion types, such
as pitting and intergranular corrosion, progressively develop in the
areas where the trenches have formed (Kappes et al. 2008; Goswami
et al. 2013).

3.7. Contact angle measurements of aluminium alloy after immersion
in NaCl solution

To determine the degree of hydrophilicity of the inhibitor on the
7075 aluminium alloy, the contact angle was measured. Figure 8 shows
specimens of the 7075 aluminium alloy immersed in a 0.1 M NaCl
solution in the presence of the investigated corrosion inhibitors (cystine
and cysteine). Table 5 shows the average value of the contact angle
measured for all tested inhibitor systems.

Fig. 8. Characteristic results of contact angle measurements on the tested
aluminium alloy specimens after 24 h of treatment in 0.1 M NaCl solution in the
presence of inhibitors: a) 0.1 mM cysteine and b) 0.1 mM cystine.

Table 5. Measured values of contact angle for tested inhibitor systems.

Solution Contact angle, ©
NaCl + cysteine 61.18 £ 4.26
NaCl + cystine 59.08 + 4.97

Values of contact angle indicate the level of the surface
hydrophilicity of the tested systems. Organic layers formed by cysteine
and cystine have a similar impact on the surface properties which
they cover. The values of the contact angle for cysteine and cystine

125

are similar, although the contact angle for cysteine is a little higher.
Cysteine had a value of ~ 61.2°, while cystine had a something lower
value of ~ 59.1°. Probably, the value of the contact angle measurement
is not a good enough indicator of the efficiency of the tested inhibitors
on the aluminium alloy. Applied electrochemical methods, such as LPR
and EIS are more appropriate indicators.

3.8. Appearance of specimens treated with NaCl inhibitors solution

The appearance of the 7075 aluminium alloy during 10 days of
immersion in 0.1 M NaCl solution without and in the presence of the
investigated corrosion inhibitors was recorded by applying an optical
microscope (Figure 9).

1h

72 h 240 h

NaCl w

! 0
NaCl + o
cysteine ,.w'
NaCl + ,
cystine ‘“

Fig. 9. Macro view of sample surfaces during 10 days of treatment in NaCl
solution, without and in the presence of tested corrosion inhibitors, at room
temperature.

The aluminium alloy specimens immersed in NaCl solution without
inhibitors begin to corrode yet after 24 h. After 48 h of testing on the
specimen surface, high corrosion degradation is visible, due to the
occurrence of different types of corrosion reactions, as discussed above.
After 10 days of immersion, the specimen surface was completely covered
with corrosion products. In contrast, the aluminium alloy specimens
that were immersed in the inhibitor solution remained undamaged, i.e.
even after 10 days in the inhibitor solution there were no visible changes
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Table 6. Data obtained by fitting EIS diagrams of cysteine and cystine depending on temperature, on 7075 aluminium alloy

. CPE Cef,
Solution t,°C Rp, kQ cm? uF cr;ﬁ 1E, %
Yo/10°%, s Q' cm™ n

NaCl 20 16.1 4.56 0.946 5.81 /

30 3.97 9-13 0.930 7-11 /

40 2.94 12.9 0.917 9.56 /
NaCl + cysteine 20 150 5.37 0.916 4.80 89.3
30 252 4.95 0.913 5.06 98.4
40 188 5.18 0.911 5.17 98.4
NaCl + cystine 20 72.6 4.70 0.929 7.33 77.8
30 49-4 5.80 0.956 5.48 92.0
40 34.1 7-44 0.936 6.78 91.4

on the metal surface. Although macro surface changes were not visible,
it does not mean that corrosion damage on the micro level to a lesser
extent was not present.

3.9. The effectiveness of corrosion inhibitors dependence on tempera-
ture and their thermodynamics Kinetics

The effectiveness of the corrosion inhibitors dependence on the
temperature was studied using the EIS method. The inhibitory efficiency
of cysteine (0.1 mM) and cystine (0.1 mM) was tested after 1thina 0.1 M
NaCl solution in the temperature range from 20 to 40 °C. The obtained
results for the solution without and in the presence of inhibitors are
shown in Table 6.

The efficiency of cystine and cysteine inhibitors have significantly
higher value compared to the NaCl solution without inhibitors, for
all temperatures. This indicates that the inhibitor molecules are
adsorbed on the aluminium alloy surface, even at room temperature.
Also, the obtained results are in agreement with the results of previous
electrochemical measurements. Cysteine, after 1 h of testing, had a
better inhibitory efficiency compared to cystine, as discussed above.

Using the Arrhenius equation (3), the activation energy Ea and the
pre-exponential factor A were calculated for 0.1 M NaCl solution in the
presence of the investigated corrosion inhibitors (cysteine and cystine).
The corrosion rate (CR) is calculated using the expression CR=B/Rp
and depends on the temperature In(CR) = f(1/T). B is a constant and its
value is taken from the literature and is 26 mV (Baboian and Treseder,
2002).

Figure 10 shows the graphical dependence of In(C,) - 1/T, where —
E_ /R is the slope of the line, and the InA is the intercept. The obtained
values of E_and A are given in Table 7.

Based on electrochemical measurements at different temperatures,
in addition to the activation energy (E,) and the pre-exponential factor
(A), other kinetic parameters were calculated: activation entropy (AS°®)
and activation enthalpy (AH"), using Equation (2). The obtained results
are given in Table 7. Using the graph In(C,) - 1/T, the values of AH" and
AS° were calculated. This graphical dependence is a straight line with
slope -AN/R and intercept .

Table 7. Kinetic parameters E,, AH” and AS® for the aluminium alloy in 0.1 M
NaCl solution in the presence of corrosion inhibitors.

Solution E,, kJ/mol A, pA cm? AS°, J/molK AH®, kJ/mol
NaCl 56.9 3.27-10" -73.6 24.9
NaCl + cysteine 4.83 4.00 - 103 -103 1.06
NaCl + cystine 16.4 7.75 -143 6.39

A lower value of the pre-exponential factor (A) indicates that a
reaction is less likely to occur (Nakom¢éi¢ 2016). This means a lower
corrosion current density (j, ), (according to Equation (1)), and
consequently a lower corrosion rate (C,) can be expected. A lower value
of A indicates a lower frequency of collisions leading to a corrosion
reaction, which means that corrosion is slower or less likely under the
given conditions.

Apositive enthalpy value (AH® > 0) indicates an endothermic process
of metal dissolution in the presence and absence of inhibitors (Okewale
and Adesina 2020; Singh and Quraishi 2010). In all cases (Table 7), the
AH" value is positive. Also, a lower AH® value was obtained for cysteine
than for cystine.

A negative entropy value (AS° < 0) indicates a reduction in the
disorder of the system during corrosion (Fu et al. 2011). In all cases,
the value of AS® is negative, and a more negative value means that the
system is more organized and that the chance for corrosion to occur
is lower. Lower values of entropy were obtained in inhibitive solutions

-4 = NECH than in NaCl solution without inhibitor (Table 7).
-5 " T = * GysiEie 3.10. Adsorption isotherm
e S 4 cysteine
5 T The inhibitor effectiveness of cysteine and cystine was also studied
. as a function of concentration, at different times, using the EIS method.
« 74 The obtained results for the solution without and in the presence of
LE:' & — . 5 inhibitors are shown in Table 8. Inhibitor effectiveness (IE%) decreased
-8+ over time, for both inhibitors in all concentrations. Values of Rp are
obtained by fitting the EIS results, using the EEC with a one-time
-9 -~ O 00 a constant (Figure 6), while IE is recalculated from the Equation:
_10 T T T
0.0032 0.0033 0.0034 R —R
_ " 'p.inh .0 0 8
1T, 1K IE=—"2"_"".100%
,inh
Fig. 10. Arrhenius dependence of the logarithm of the corrosion inhibitor P
concentration on the reciprocal of temperature. Where, R . is the polarisation resistance of inhibitor
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solution, and R, is the polarisation resistance of inhibitor-free solution

(0.1M NacCl).
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Table 8. Values of polarization resistance depending on the time of exposure to 0.1 M NaCl solution, for different inhibitor concentrations (cysteine and cystine).

R, kQ cm? LE., %
Solution C, mM
1h 24h 48h 72h 1h 24h 48h 72 h
NaCl 0 16.1 5.47 4.63 3.79 / / / /
0.03 120 47.3 29.6 17.8 86.6 88.4 84.4 78.7
NaCl + cysteine 0.05 296 46.5 22.2 13.2 94.6 88.2 79.1 71.3
0.10 150 30.8 20.1 13.6 89.3 82.2 76.9 72.1
0.03 89.8 80.0 41.6 18.6 82.1 93.2 88.9 79.6
NaCl + cystine 0.05 257 75-4 60.0 59.7 93.7 92.7 92.3 93.7
0.10 72.6 58.8 57.7 539 778 90.7 92.0 93.0
0.35
= 1h ; = 1h .
0.14 -
030l ¢ 24h cysteine e 24h cystine .
’ - 0124 4 48h /
254 ¥ v 72h
0.25 — ? A
020+ 0.08- 4
o) o)
T 0.15- 3 064
0.101 0.04 4
0.05 4 0.02
a b
0.00 T T T T T T 0.00 T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.00 0.02 0.04 0.06 0.08 0.10
c, mM ¢, mM
Fig. 11. Langmuir adsorption isotherms for a) cysteine and b) cystine.
Figure 11 shows the Langmuir adsorption isotherm for cysteine and The obtained values for AG,, are shown in Table 10. The negative
cystine during the 72 h test of the 7075 aluminium alloy specimens. value of AG , (Table 10) means that the thermodynamic process of

With the increase in concentration, the ratio ¢/0 increases for all
tested times. Table 9 shows the values of K ,_ for cysteine and cystine
inhibitors during different periods. Based on this it can be seen that K,
decreases with time. It is generally known that the adsorption constant
indicates the adsorption power of the inhibitor on the surface of the
metal, in this case on the surface of the 7075 aluminium alloy (Li et al.

2014; Bahaa Sami Mahdi et al. 2016).

Table 9. Parameters of graphical dependence ¢/0 — c, for different times in the
presence of cysteine and cystine corrosion inhibitors.

Inhibitor Time, h K, mM* Koss
1h 444.4 24664.2
24h 158.2 8780.10
cysteine
48h 80.45 4464.98
72h 52.94 2938.17
1h 1812 100566
. 24h 819.7 45493.4
cystine
48 h 1376 76368.0
72 h 515.5 28610.3

The adsorption constant (K, ) decreased during time, for both tested
inhibitors (Table 9). This means that inhibitive efficiency decreased
over time. Also, value K ,_ for cystine generally has a higher value than

for cysteine.
3.11. Thermodynamic parameters of inhibitor adsorption

The equilibrium constant of the adsorption process is related to
the thermodynamic parameter of the standard Gibbs free energy of
adsorption (AG,,) according to the equation:

A(;ads0 = AHa\cls0 -T ASadsO 9

adsorption is favourable. Over time, AG_, becomes less negative for both
inhibitors, which may indicate a decrease in adsorption efficiency i.e.
change in the interactions between the inhibitor and the alloy surface.

Table 10. Thermodynamic parameters for different concentrations of cysteine
and cystine determined after different times of testing.

Inhibitor Time, h K, AG,,;, kJ/mol
1h 24664.2 -24.80
24h 8780.10 -22.27
cysteine
48h 4464.98 -20.61
72h 2038.17 -19.58
1h 100566 -28.25
) 24h 45493.4 -26.31
cystine
48h 76368.0 -27.58
72 h 28610.3 -25.19

Adsorption of inhibitor molecules to the metal surface can have
a physical character (relatively weak attractive forces between the
inhibitor molecules and the metal surface), a chemical character (strong
attractive forces between the inhibitor molecules and the metal surface)
and a mixed character. In physical adsorption, the attraction between
inhibitor molecules and the surface of the metal occurs as a result of
their different (opposite) charges. In chemical adsorption, chemical
bonds are formed between inhibitor molecules and the metal surface.
It is usually considered that, if the value of AG,, is more negative than
-40 kJ/mol, then the adsorption is chemical. When the value of AG
is more positive than -20 kJ/mol, then adsorption can be considered
as physical adsorption, and for values of AG,, between -40 kJ/mol
and -20 kJ/mol, adsorption has a mixed character (Fragoza-Mar et al.
2012). In the considered case (Table 10), the obtained AG,
between -20 kJ/mol and -40 kJ/mol, so it can be considered that the
adsorption of the cysteine and cystine inhibitors on the surface of the
tested aluminium alloy is mixed (physical and chemical).

values were
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Overall, the present results show that cystine provides longer-lasting
corrosion protection compared to cysteine. Although cysteine quickly
creates a protective film thanks to the free thio group, cystine, due
to the disulfide bond (which probably breaks during time), shows a
slower onset of adsorption, but at the same time provides a more stable
protective layer over a longer period.

4. Conclusin

Based on the presented results, it can be concluded that cysteine
and cystine are effective corrosion inhibitors for the 7075 aluminium
alloy in 0.1M NaCl solution. Their effectiveness differs, depending on
the applied conditions.

The presence of anodic and cathodic intermetallic compounds
(IMCs) on the surface of the aluminium alloy was confirmed by SEM/
EDS analysis. Cathodic IMCs are prone to trench and pit formation.

The addition of inhibitors (cysteine and cystine) significantly reduced
trench formation and consequently pitting corrosion occurrence and
formation of the pits.

Cysteine exhibits superior protective ability in the initial period of
testing, while cystine is more effective in long-term applications. An
explanation of this behaviour is proposed in the manuscript.

Thermodynamic and kinetic parameters indicate that cysteine and
cystine are adsorbed on the metal surface, reducing the surface energy
and preventing corrosion processes. Values AG,, are between -20 kJ/
mol and -40 kJ/mol, which means that the adsorption of inhibitors
for the aluminium alloy surface has a mixed physical and chemical
character.
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