Int. J. Electrochem. Sci., 8 (2013) 9201 - 9221

International Journal of

ELECTROCHEMICAL

SCIENCE
www.electrochemsci.org

Adenine as an Effective Corrosion Inhibitor for Stainless Steel
in Chloride Solution

Mieczyslaw Scendo’, Joanna Trela

Institute of Chemistry, Jan Kochanowski University in Kielce, Swietokrzyska 15G, PL— 25406 Kielce,
Eoland
E-mail: scendo@ujk.edu.pl

Received: 24 April 2013 / Accepted: 2 June 2013 / Published: 1 July 2013

The influence of the concentration of adenine (AD) on the corrosion of 304 austenic stainless steel in
chloride acid solutions was studied. The investigations involved electrochemical polarization methods,
scanning electron microscopy (SEM) and quantum chemical calculations method. Tafel polarization
study revealed that AD acted as a mixed-type inhibitor. The inhibition efficiency increased with an
increase in the concentration of adenine. The adsorption of AD has been found to occur on the surface
of 304 austenic stainless steel according to the Langmuir isotherm. The kinetic and thermodynamic
parameters for stainless steel corrosion and adenine adsorption, respectively were determined and
discussed.
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1. INTRODUCTION

The anticorrosive properties of the stainless steel materials which a chromium contained higher
than 12% are assigned to the spontaneous formation on the surface of a passive thin film layer, mainly
composed of chromium and iron oxides/hydroxides [1]. The rate of corrosion of stainless steel can be
reduced by a thin oxide layer formed naturally on the metal surface [2]. Passive films on surface of
stainless steel formed in an aqueous acid environment are usually very thin, compact and highly
enriched in chromium [3-5]. Despite the established corrosion resistance of stainless steel can be
chemically attacked by acids, and some organic compounds. The passive surface layer of the steel is
eroded by these acids resulting in corrosion of the stainless steel.
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Corrosion inhibitors are needed to reduce the corrosion rates of metallic materials in this area.
Many N-heterocyclic compounds, and their derivatives such as: triazole [6,7], tetrazole [8], pyridine
[9-11], pyrazole [12,13], pyrimidine [14], pyridazine [15], indole [16,17], and quinoline [18] have
been investigated in destination of use they as inhibitors of corrosion of different species of steels.

Most of the inhibitors are toxic in nature, therefore, their replacement by environmentally
benign inhibitors is necessary. These compounds include such amino acids and its derivatives as
mimosa, tannin or isatin which have been tested in acid solutions for various metals [19-23].

As an important N-heterocyclic compound, purine (PU) and purine derivatives are nontoxic and
biodegradable, what makes the investigation of their inhibiting properties significant in the context of
the current priority to produce eco-friendly inhibitors. Recently, purine and adenine (AD) have been
studied as corrosion inhibitors of copper in aggressive solutions [24-27]. However, appeared that
purine considerably slows down corrosion of stainless steel [28].

The industrial consumption and development of new corrosion inhibitors have been
continuously increasing of the years.

The present work reported the inhibitive effect concentration of adenine (AD) and temperature
on the corrosion of 304 austenic stainless steel in 1.1 M chloride acid solutions.

1.1. Adenine structure

Adenine is relatively cheap and easy to produce in purity greater than >99%. The non-toxic and
biodegradable nature of adenine makes the investigation of its inhibiting properties significant in the
context of the current priority to produce green or environmentally friendly inhibitors.

The distribution of charge densities for the AD molecules was calculated by PM3 semi-
empirical methods using a HyperChem® v. 7.5 software. The structure of AD is given in Figure 1.

Figure 1. Molecular structure of adenine (AD) obtained after a geometric optimization procedure
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Adenine molecules are of small size and have ideal plane structure which can make the
electronic effects more important and the steric effects omitted. Adenine possesses weak basic
proprieties. The constants protonation/deprotonation have values pKa = 4.25 and pK,, = 9.83.
Unfortunately, still does not establish to which nitrogen atoms in molecule of adenine proton attaches
[29].

2. EXPERIMENTAL

2.1. Solutions

Adenine, CsHsNs (> 99.4%) was purchased from Merck (Darmstadt, Germany). The
electrolytes were prepared using analytical grade reagents (Merck). The corrosive medium was
prepared from a stock NaCl and 1.0 M HCI solution. Adenine was dissolved at concentrations in the
range of 0.1 - 10 mM in 1.1 M CI  acid solutions (pH 1.5). All solutions were prepared from double
distilled water. For each experiment a freshly made solution was used. All test have been performed in
naturally aerated electrolytes.

2.2. Electrodes and apparatus

Experiments were carried out in a three-electrode glass cell with a 200 cm® capacity. The
testing material was austenitic type 304 (X5CrNi18/10 according to PN-EN 10088) stainless steel. The
steel composition was as follows (in wt.%): C: 0.07, Cr: 18.0, Ni: 9.0, Mn: 2.0, Si: 0.8, P: 0.045, S:
0.03 and Fe: balance. The working electrode was prepared in the shape of rectangle which had
a surface area of 4.62 cm?. Prior to each experiment, the working electrode surface was treated with
800, 1200, and 2000 grade emery paper to give a mirror like surface finish, and then thoroughly rinsed
with double distilled water. After this the electrode was degreased with ethanol in an ultrasonic bath
(~5 min) and then rinsed with double distilled water. The electrode was taken immersed in the test
electrolyte.

Electrode potentials were measured and reported against the external saturated calomel
electrode (SCE) connected to the cell via a Luggin probe. The capillary tip was opposite to the end of
the working electrode and about 3 mm from it.

A platinum wire was used as an auxiliary electrode. Reference and auxiliary electrodes were
individually isolated from the test solution by glass frits.

All voltammetric experiments were performed using a potentiostat/galvanostat PGSTAT 128N,
AutoLab, Netherlands with NOVA 1.7 software the same firm.

The values reported in the paper represent mean values of at least three replicate measurements.
Moreover, all experiments were carried out at suitably well-chosen temperature (+£0.5 °C) in an air
thermostat with the forced air circulation.
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2.3. Potentiodynamic experiments

The electrochemical behaviour of stainless steel sample in uninhibited and inhibited solution

was studied by recording potentiodynamic polarization curves. The electrode potential from -700 to 0

mV vs. SCE at a scan rate of 1 mV s™. The linear Tafel segments of cathodic and anodic curves were
extrapolated to corrosion potential (Ecor) to obtain corrosion current densities (jcor)-

The polarization resistance (Rp) were evaluated from the measured jcor Values using the

relationship [30,31]:

R, = > (1)

p -
Jcorr

where B is constant which was obtained by following equation:

b, b
— C a 1
2.303(b, + b,) (12)

Moreover, the degree of surface coverage, and the corrosion inhibition efficiency were
calculated from the equations:

® = 1 - Jeore (2)

HY
Jcorr

and:
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IE@) = Jor — o 909 3)

0
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where jeorr IS the corrosion current density at a particular adenine concentration, and jocorr is the
corrosion current density in the absence of inhibitor in the solution.
All the recorded jcorr Values are converted into the corrosion rate (vp) using the expression:
vo(mmy*) = 3280x10°¢ Jeor M (4)
np
where b, b, are the Tafel slopes, M is the molar mass of iron, n is the number of electrons
transferred in the corrosion reaction, and p is the density of iron.

2.4. Quantum chemical calculation

HyperChem 7.5 a quantum-mechanical program Hypercube Inc (Gainesville, Florida, USA)
was used for molecular modeling. The calculation was based on semi-empirical PM3 method with 3-
21G” basis set. Quantum chemical parameters such as the highest occupied molecular orbital (HOMO)
the lowest unoccupied molecular orbital (LUMO) energy gap (AE = ELumo — Enomo) and dipole
moment («) were calculated.
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2.5. Scanning electron microscopy

The morphology of the corrosion products formed on the surface of 304 austenic stainless steel
in 1.1 M CI solution in absence and presence of 10 mM of adenine for 360 hours were tested by
scanning electron microscope (SEM) JSM-5400 with beam energies in the 0.2 — 20 kV range.

3. RESULTS AND DISCUSION

3.1. Potentiodynamic polarization measurements

The potentiodynamic polarization measurements were carried out in order to gain knowledge
concerning the kinetics of the cathodic and anodic reactions.

3.1.1. Non-inhibited solutions

The electrochemical behaviour of 304 austenic stainless steel sample in non-inhibited
solutions which contained: 1.1, 0.55, and 0.275 M CI" were studied. The pH of solutions were changed
in range 1.5 — 2. The potentiodynamic polarization curves are presented in Figure 2.
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Figure 2. Polarization curves for 304 austenic stainless steel in solutions containing: (a) 1.1 (1.5), (b)
0.55 (1.7), and (c) 0.275 (2.0) M CI', dE/dt 1mV s at temperature 25 °C. The pH solutions in
bracket were given.

Figure 2 shows that decrease of CI” concentration (curves (a) — (c)) cause a prominent decrease
of the cathodic current densities corresponding to hydrogen evaluation reaction [12]:
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Fe + H' = (FeH")as ()
(FeH+)ad3 ad (FeH)ads = e- (6)
(FeH)ads + H+ — Fe + H2 = e-. (7)

At more anodic potential an active dissolution region is recorded which is characterized by an
anodic current peak that depends on the pH solution (Fig. 2), and decrease with decrease of CI°
concentration. The formation of peaks concern to passivation of surface steel. The passivation process
followed by the produce of thicker oxide film according to the following sequence [28]:

Fe + H" + %0, = (FeOH)us 8)
(FEOH)ags = (FEOH)ugs + € (8a)
(FEOH)as + H™ + % 0; = Fe(OH), + 3¢ (8b)
Fe(OH), + H" + %0, — FeOOH + H,O + 2¢, (8c)
or:

2FeOOH — Fe0O3 + Hy0. 9)

Moreover, formation passive layer can be enriched as a result of following oxides:

2Cr + 2H" + 20, - Cro0O3 + H,O + 14¢ (10)
Ni + 2H" + 0, — NiO + H,0 + 6¢. (11)

The increase of the peak current density with increase in the CI” concentration can be explained
by the adsorption tendency of the CI" ion on the steel surface according to:

Fe + CI' = (FeCl)ads (12)
(FECl)ags = (FeCl)as + €, (13)

similarly form of (CrCl),gs and (NiCl)ags.

However, at more anodic potential increase anodic current density because dissolves the
passive layer on the surface electrode. In presence of CI" the local corrosion would occur according to
the following reactions:

(FeCl)ags — (FeCl") + € (14)
(FeCl") = Fe** + CI, (15)

similarly form of Cr** and Ni** ions.

This means that a passive film on stainless steel is formed even in the acid medium which is
a poor electroconductor for which formation and thickening were mainly caused by ionic conductance
[32]. The similar considerations relating to corrosion of steel occur in articles [33-35]. The next
investigations as corrosive environment were applied solutions which contained 1.1 M CI" ions (pH
1.5).
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3.1.2. Inhibited solutions

The potentiodynamic polarization curves of 304 austenic stainless steel in corrosive solution in
the absence and presence of adenine are shown in Figure 3.
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Figure 3. Chosen polarization curves for 304 austenic stainless steel in 1.1 M CI" containing different
0concentrations of adenine: (a) 0, (b) 0.1, (c) 1, and (d) 10 mM, dE/dt 1mV s™ at temperature 25
C

Table 1. Corrosion parameters, polarization resistance, degree of surface coverage, and corrosion
inhibition efficiency for 304 austenic stainless steel in 1.1 M CI at different concentrations of
adenine at temperature 25 °C

Concentration Ecorr -be ba Jeorr Rp

AD

mM mV vs. SCE  mV dec™ mVldec' mA cm™ Q cm?
0 -396 145 75 0.046 467 --- ---
0.1 -396 150 80 0.030 755 0.348 35
0.5 -382 160 80 0.024 965 0.478 48
1 -368 185 80 0.020 1213 0.565 57
5 -362 170 80 0.014 1687 0.696 70
10 -355 160 80 0.007 3262 0.846 85

It could be observed that both the cathodic and anodic reactions were suppressed with the
addition of adenine which suggested that the AD reduced the hydrogen evaluation (reactions (5) — (7))
and also retarded anodic dissolution of stainless steel (reactions (8) - (15)). The decrease peak current
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density with increase in the adenine concentration can be explained by the adsorption tendency of the
AD on the electrode surface. The layer of adenine causes the slow down the reactions of corrosion of
steel.

The corrosion parameters i.e. corrosion potential (Ecorr), cathodic and anodic Tafel slopes (bc)
and (by), and corrosion current density (jeorr) Were obtained from the Tafel extrapolation of the
potentiodynamic polarization curves [1,12,24-28], and were given in Table 1.

It should be noted that Eo shifted imperceptibly (about 40 mV) towards more positive values
with an increase in the concentration of adenine. The positive shifts of corrosion potential was due to
the more effective action exerted on the anodic rather than on the cathodic reaction. Moreover,
a increase cathodic (bc) and invariable anodic (b,) Tafel slopes indicated only cathodic effect of the
inhibition on the corrosion mechanism. The corrosion current density (jcorr) decreased when the
concentration of adenine was increased (Table 1) which indicates the inhibiting effect of AD. The
polarization resistance values (R,) for 304 austenic stainless steel (which were calculated by Equation
(1)) increased with an increase in the concentration of an inhibitor (Table 1). The surface of electrode
was covered by layer of adenine making difficult the exchange the charge with depth of electrolyte.
However, the degree of surface coverage was calculated on basis the Equation (2). The results showed
an increase in the degree of surface electrode by adsorption of adenine on steel surface. Consequently,
the corrosion inhibition efficiency can also be calculated from polarization tests by using the Equation
(3). The values IE are presented in Table 1. It is clear that in the presence of AD the inhibition
efficiency increases with an increase in the concentration of inhibitor.

3.2. Corrosion rate
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Figure 4. Relationship between corrosion rate of 304 austenic stainless steel and of adenine
concentration in the presence of 1.1 M CI” at temperature 25 °C
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The corrosion current density (Table 1) was converted into the corrosion rate (vp) of stainless
steel by using the Equation (4) [28,31]. The values of 304 austenic stainless steel corrosion rate in the
absence and presence of adenine are shown in Figure 4.

The corrosion rate of stainless steel is significantly reduced as a result of the reduction in the
Jeorr. The v, of stainless steel in 1.1 M CI" solution without inhibitor is found to be 0.533 mm/year
which is ~7 times lower in solution with 10 mM of AD. This result reveals the capability of adenine to
act as a corrosion protective layer on 304 austenic stainless steel surface.

3.3. Activation parameters of the corrosion process

The effect of temperature (in range 30 — 60 °C) on the 304 austenic stainless steel general
corrosion inhibition by adenine was studied. Figure 5 shows Tafel polarization plots recorded for
investigated steel in presence 10 mM of adenine at various temperatures. The similar curves were
recorded for another concentrations of inhibitor.
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Figure 5. Tafel polarization plots for 304 austenic stainless steel in 1.1 M CI” containing 10 mM of
adenine at various temperatures: (a) 25, (b) 30, (c) 40, (d) 50, and (f) 60 °C, dE/dt ImV s*

The chosen values of the corrosion parameters (obtained from the Tafel extrapolation of the
polarization curves) the degree of surface coverage, and corrosion inhibition efficiency at various
concentrations of adenine at all studied temperatures are depicted in Table 2.

The addition of adenine shifts a bit (~40 mV) the corrosion potential towards the positive
values independently than temperature of solution. It may be concluded that of AD should be
considered as a mixed-type inhibitor, meaning that the addition of adenine to 1.1 M CI" solution both
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reduces the anodic dissolution of 304 austenic stainless steel, and also retards the cathodic hydrogen
evolution reaction. For the same values concentration of inhibitor an increase in temperature increases
corrosion current density. However, addition of AD cause decreases the jeor Values across the
temperature range. The results also indicate that the inhibition efficiency increase with the increase of
concentration of adenine and temperature of solution (Table 2). Such behaviour can be interpreted that
the inhibitor acts by adsorbing onto the metal surface, and strongly joins with surface of steel probably.
Nevertheless, the adsorption of an organic molecule is not considered as a purely physical or chemical
adsorption phenomenon. A wide spectrum of conditions, ranging from the dominance of
chemisorptions or electrostatic effects, arises from other experimental data on adsorption.

Table 2. Chosen corrosion parameters, degree of surface coverage, and corrosion inhibition efficiency
for 304 austenic stainless steel in 1.1 M CI” with different concentrations of adenine at various

temperatures

Temperature Concentration Ecorr [l
AD
°c mM mV vs. SCE mA cm
0 -387 0.079
0.1 -387 0.050 0.367 37
0.5 -374 0.040 0.494 49
30 1 -361 0.031 0.608 61
5 -352 0.021 0.734 73
10 -342 0.010 0.873 87
0 -370 0.200
0.1 -370 0.120 0.400 40
0.5 -359 0.085 0.575 58
40 1 -349 0.050 0.750 75
5 -341 0.036 0.820 82
10 -332 0.022 0.890 89
0 -370 0.420
0.1 -370 0.210 0.500 50
0.5 -358 0.150 0.643 64
50 1 -345 0.085 0.798 80
5 -337 0.059 0.859 86
10 -329 0.032 0.924 92
0 -370 0.650
0.1 -370 0.300 0.538 54
0.5 -355 0.260 0.600 60
60 1 -340 0.125 0.808 81
5 -333 0.083 0.872 87
10 -325 0.041 0.937 94
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The activation parameters such as: the activation of energy (E.) the enthalpy of activation
(AH,) and the entropy of activation (AS,) in the range of studied temperatures (30 — 60 °C) for both
corrosion and corrosion inhibition of 304 austenic stainless steel in 1.1 M CI" in the absence and
presence of various concentrations of adenine were calculated from Arrhenius — type plot [28,36,37]:

. -E
= Aex 2 16
Jcorr p ( R T J ( )
and transition — state equation:
. RT AS - AH
= | —|eX 2 lex 2 17

where A is the Arrhenius constant, E, is the apparent activation energy, N is the Avogadro's
constant, h is the Planck's constant, AS, is the change of entropy for activation, AH, is the change of
enthalpy for activation.

The plots of In (jeorr) VS. 1/T, Figure 6 and In (jeor/T) vs. 1/T, Figure 7 give straight lines with
slopes of —E4/R and —AH./R respectively. The intercepts which can them be calculated, will be In (A)
and [In (R/N h) + (AS4/R)] for the Arrhenius and transition-state equations, respectively.
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Figure 6. Arrhenius plots for 304 austenic stainless steel in 1.1 M CI" containing different
concentrations of adenine: (a) 0, (b) 0.1, (c) 0.5, (d) 1, (e) 5, and (f) 10 mM

The calculated values of E,, AH, and AS, are summarized in Table 3. In the presence increasing
of adenine concentration the decrease of E, values were observed. The decrease in apparent activation
energy arises from a shift of the net corrosion reaction, from one on the uncovered surface to one
directly involving the adsorbed sites [38]. The values E; and AH, are nearly the same (Table 3) and are
smaller in the presence of adenine than in a blank solution, indicating that the energy barrier of the
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corrosion reaction decreased in the presence of inhibitor without changing the mechanism of
dissolution of metal. The entropy of activation, AS, in the absence and presence of adenine are
negative, implying that the rate-determining step for the activated complex is the association rather
than the dissociation step.

In the presence of the inhibitor, AS; moves in direction of negative values (Table 3), which
implies that the adsorption process is accompanied by an decrease in entropy, which is the driving
force for the adsorption of adenine onto the austenic stainless steel surface.
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Figure 7. Transition state plots for 304 austenic stainless steel in 1.1 M CI" containing different
concentrations of adenine: (a) 0, (b) 0.1, (c) 0.5, (d) 1, (e) 5, and (f) 10 mM

Table 3. Corrosion kinetic parameters for 304 austenic stainless steel in 1.1 M CI" at different
concentrations of adenine

Concentration E. AH, AS,

AD

mM kJ mol™ kJ mol? Jmol? K
0 63.37 60.75 -123.16
0.1 60.73 58.12 -135.91
0.5 55.30 52.69 -155.76
1 42.42 39.80 -200.63
5 40.70 38.09 -209.03
10 38.75 36.13 -220.22
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3.4. Thermodynamic parameters of the adsorption isotherm

The efficiency of organic molecules as good corrosion inhibitors depends mainly on their
adsorption ability on the metal surface. Basic information about the interaction between inhibitor and
metal can be provided by the adsorption isotherm. The investigation of the relation between corrosion
inhibition and adsorption of inhibitor is of great importance.

The surface coverage (Tables 1 and 2) and the concentration of adenine solution (cap) were
tested by fitting to various isotherms like: Langmuir, Temkin and Freundlich. However, the best fit
was obtained with Langmuir isotherm as shown in Figure 8 which is given by following equation [28]:

CAD —

O K

+ Chp (18)

ads

where Kygs is the equilibrium constant of the adsorption/desorption processes, and it reflects the
affinity of the inhibitor molecules towards surface adsorption sites.
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Figure 8. Langmuir adsorption plots of adenine onto the 304 austenic stainless steel in 1.1 M CI" at
various temperatures: (a) 25, (b) 30, (c) 40, (d) 50, and (e) 60 °C

Though, the plots of cap/@ vs. cap (Fig. 8) were linear (correlation 0.996 — 0.999) the deviation
of the slopes from unity at the studied temperatures for ideal Langmuir adsorption isotherm. From the
intercepts of the straight lines on the cap/0 axis (Fig. 8) leads to values equilibrium constant for the
adsorption/desorption of adenine process Table 4. The high value of K reveals that the AD molecule
possesses strong adsorption ability onto the 304 austenic stainless steel.

However, the Kygs increased with an increase of temperature indicating that adsorption of
adenine onto the metal surface was favorable at higher temperature.
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The equilibrium constant of the adsorption/desorption (Kags) were related to the standard free
energy of adsorption according to equation [28,31,37,38]:

AG?

ais = - RTIn (55.5 Kags) (19)
where R is the universal gas constant, T is the absolute temperature, and value 55.5 is
concentration of water in solutions.

Table 4. Equilibrium constant adsorption/desorption and standard free: energy, enthalpy, and entropy
of the adsorption onto the 304 austenic stainless steel in 1.1 M CI solution in the presence of
adenine at various temperatures

Tempoe ratu re Kads AGOadS AHOadS Asoads

C mol™* kJ mol™ kJ mol™ Jmol*K?

25 1.83x10° -28.57 168.15
30 2.05%x10° -28.85 169.09
40 3.66x10° -30.28 21.54 173.89
50 3.95%x10° -30.47 174.53
60 431x10° -30.69 175.27

The standard free energy of adsorption were calculated and are given in Table 4.Generally the
standard free energy of adsorption values of -20 kJ mol™ or less negative are associated with an
electrostatic interaction between charged metal surface (physical adsorption), those of -40 kJ mol™ or
more negative involves charge sharing or transfer from the inhibitor molecules to the metal surface to
form a co-ordinate covalent bond (chemical adsorption) [39,40].

The values of standard free energy of adsorption of adenine onto the 304 austenic stainless steel
surface were found as -28.57 and -30.69 kJ mol™ at temperatures 25 and 60 °C respectively (Table 4).
Therefore, it can be concluded that the adsorption of adenine onto the steel surface takes place through
both physical and chemical adsorption, namely mixed type with predominant chemical one [41-43].

The Langmuir isotherm assumes that the 304 austenic stainless steel surface contains a fixed
number of adsorption sites, and each site holds one molecule of adenine (adsorbate). One adsorbed
H,0O molecule is replaced by one of AD molecule on the metal surface:

AD(oy + HoOp@ds)y <> ADgdsy + HaOgson, (20)

moreover, the adsorption of adenine molecule onto the 304 austenic stainless steel is monolayer. The
strong interaction and stability of the adsorbed layer with stainless surface. The adsorption of adenine
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on the electrode surface makes a barrier for mass and charge transfers. This situation leads to the
protection of austenic stainless steel surface from the attack of aggressive forms of solution.

Voluble information about the mechanism of corrosion inhibition can be provided by the values
of thermodynamic parameters for the adsorption of inhibitor. Thermodynamically, AG%qs were related
to the standard enthalpy, AHC, and standard entropy, AS% s according to [28,35,37]:

AG(Sds = AH (Sds T Asgds (21)
and the standard enthalpy of adsorption can be calculated on basis the Van t Hoff formula:
—AH?
InK,,, = —=2% + const. (22)
RT
or:
—AH? AS?
log K,,, = ads. Saas (22a)

2.303RT 2.303 RT

A plot of In K,gs vs. 1/T gives a straight line, as shown in Figure 9. The slope of the straight line
_AHOads/R.
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Figure 9. Van t Hoff plot for 304 austenic stainless steel in 1.1 M CI” containing of adenine

The value of standard enthalpy adsorption is given in Table 4. Since the AH s value is positive
the adsorption of adenine molecules onto the 304 austenic stainless steel surface is an endothermic
process which indicates that inhibition efficiencies (Table 2) increase with the increase of temperature.
Such behaviour can be interpreted that increasing temperature does not cause desorption of adenine
molecules from the metal surface.
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The standard entropy adsorption, AS’qs of inhibitor can be calculated from Equation (21)
according to [28]:

AG?

0
A H ads (23)

ASS, = e T

The calculated values of AS,s are recorded in Table 4. It is obvious that the values of standard
entropy adsorption are positive. The positive sign of AS s arise from substitution process (20) which
can be attributed to the increase in the solvent entropy and more positive water desorption entropy
[44]. It also means that increasing in disordering takes place is going from reactants to the
metal/solution interface [45] which is the driving force for the adsorption of adenine onto the 304

austenic stainless steel surface.

3.5. Quantum chemical study

To investigate the correlation between molecular structure of adenine and its inhibition effect,
quantum chemical parameters has been performed.

Protection efficiency of inhibitors depends on the electronic properties of the corrosion
inhibitors such as: highest occupied molecular orbital (HOMO), the lowest unoccupied molecular
orbital (LUMO).

a)

b)

Figure 10. The frontier molecular orbital density distribution for adenine: a) HOMO, b) LUMO
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It has been reported [46-48] that the higher the HOMO energy of the inhibitor the greater the
trend of offering electrons to unoccupied d orbital of the metal, and the higher the corrosion efficiency.
In addition, the lower the LUMO energy the easier the acceptance of electrons from metal surface. The
frontier molecular orbital density distributions of HOMO and LUMO for adenine were shown in
Figure 10.

Table 5. The calculated quantum chemical parameters for adenine

Inhibitor Envomo ELumo AE

\Y 5\V4 \Y
AD -8.556 -0.234 -8.322 2200 8556 0.234 4395 4.161 0.313

The relevant quantum chemical parameters for adenine were listed in Table 5.

The higher value of Eomo suggests that the adenine molecule offering electrons to unoccupied
d orbital of the metal, while the higher value of the AE = E| umo - EHomo proves about the more stable
molecule of adenine.

Remaining quantities (Table 5) are related to ionization potential, | = -Enomo, and electron
affinity, A = - ELumo of the studied molecule. The obtained values of | and A were considered for the

calculation of the electronegativity, y and the global hardness, # using the following relations:

y = g (24)

and:

7=t (25)
The calculated parameters are listed in Table 5.

The fraction of electrons transferred from the adenine molecule to the iron atom, AN was
calculated according to Person's formula:

AN = Xre — Xru (26)

207k + 7o)

The idea behind this is that in the reaction of two systems with different electronegativity as
a metallic surface and an inhibitor molecule, the following mechanism will take place: the electron
flow will move from the molecule with the low electronegativity towards that of a higher value until
the chemical potentials are the same.

The theoretical values of yr and ;g are 7.0 and 0 eV mol™, respectively [49,50]. The fraction
of electrons transferred (AN) from adenine to the iron molecule was calculated (Table 5). The value of
AN showed inhibition effect of AD resulted from electron donation. The adenine was the donators of
electrons while the stainless steel was acceptor. However, atoms of nitrogen (Fig. 1) have the most
probability to form coordinating bond, while the other electronegative atoms (for example C) cannot
combine with metal surface with regard on the steric effects. The adenine was bound to the 304
austenic stainless steel surface and thus formed inhibition adsorption layer against corrosion.
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3.6. Scanning electron microscopy studies

The Figure 11 show the surface morphology of 304 austenic stainless steel specimens in the a)
absence, and b) in the presence of adenine. The Figure 11a) revels that the surface was strongly
damaged in absence of the inhibitor. Chloride ions, oxygen and water penetrate the surface through
pores, flaws or other weak spots what results in the further corrosion of investigated steel. There are
wide and deep pits on the surface which indicate the main characteristic of pitting corrosion.

a)

Figure 11. SEM micrographs of 304 austenic stainless steel surface after expose 360 hours to 1.1 M
ClI” solution: a) without, b) with the addition of 10 mM adenine. Magnification 800x

The Figure 11b) shows SEM image of 304 austenic stainless steel surface after immersion (for
the same time interval) in corrosive solution containing additionally 10 mM of adenine. The surface of
steel is more uniform in the inhibited solution than the surface in the absence of adenine except some
hallows structures which most probably due to polishing lines. The image clearly demonstrate the high
corrosion inhibition efficiency of AD in aggressive chloride solution. The inhibitor molecules were
adsorbed on the active sites and protected the austenic stainless steel against corrosion.

4. MECHANISM OF INHIBITION

The corrosion inhibition mechanism in acid medium the most often depends on the adsorption
of an inhibitor onto the metal surface. The inhibitive action of inhibitors depends on the electron
densities around the adsorption centers. The higher the electron density at the centre, the more efficient
is the inhibitor.

The adsorption of the inhibitor on metal surface is the first step in the action mechanism of
inhibition. Physical adsorption requires presence of both electrically charged surface of the metal and
charged species in the bulk of the solution. Moreover, chemical adsorption requires in the presence of
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a metal to have a vacant low-energy electron orbital, and an inhibitor with molecules having relatively
loosely bond electrons or heteroatom with lone pair electrons.

Therefore, it may be assumed that adenine adsorption can also occur via electrostatic
interaction with the surface of the loaded electrode: positively across atoms: N (+0.166), and N
(+0.279) or negatively across N (-0.069), N (-0.173), and N (-0.262) (Fig. 1).

Moreover, in this case the insoluble film consisting from: (FeCl)ags, (CrCl)ags and (NiCl)ags
precipitates upon the surface of the stainless steel electrode (reactions (12) — (13)). They act as a
protective barrier safeguarding steel from further oxidation. The action of CI™ can be physically
interpreted as blockage of the steel surface. Unfortunately, the insoluble film was leaky on the
electrode surface. In aqueous acid solutions of adenine can exist as cationic species [24-27]:

AD + H' < ADH". (27)
However, in presence of adenine a protective layer has been formed according reaction:
(Fe—Cl)ggs + ADH' < (Fe—AD)ys + H' + CI, (28)

similarly form protective layers: (Cr — AD)ags, and (Ni — AD)ags.

The inhibiting effect of adenine can be regarded as an adsorption inhibitor and the formation
compound protective film onto of 304 austenic stainless steel surface. The adsorption film of adenine
makes a barrier for mass and charge transfers. This situation leads to the protection of the austenic
stainless steel surface from the attack of aggressive anions of the chloride acid solution.

5. CONCLUSION

The inhibition effect of adenine on the corrosion of 304 austenic stainless steel in chloride acid
solutions was studied. From the data obtained the following points can be emphasized:

(1) The adenine has good inhibition effect for the corrosion of 304 austenic stainless steel
in 1.1 M CI acid solution, and inhibition efficiency was increased with inhibitor concentration.

(2) The of adenine behaves rather as mixed type corrosion inhibitor of steel by inhibiting
both cathodic hydrogen evolution and anodic metal dissolution reactions.

(3) The values of E, and AH, indicate that the energy barrier of the corrosion reaction
decreased in the presence of adenine without changing the mechanism of dissolution of steel. The
negative values of AS, implying that the rate-determining step for the activated complex is the
association rather than the dissociation step.

(4)  The Langmuir adsorption isotherm exhibited the best fit to the experimental data. The
values of adsorption equilibrium constant suggested that of AD strongly adsorbed on the surface,
forming a protective film.

5) The corrosion inhibition efficiency of investigated stainless steel increased with
temperature for the same concentration of adenine.
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(6)  The negative sign of AG%gs and positive of AH g indicate that the adsorption process
of AD is spontaneous and endothermic. The positive of AS% 4 can be attributed to the increase in the
solvent entropy and more positive water desorption entropy.

(7) The quantum chemical method shows that of adenine molecules can be directly
adsorbed at the steel surface on the basis of donor-acceptor interactions between the z-electrons of
benzene ring, and N atoms, or the vacant d-orbital of metal atoms.

(8) The SEM micrographs showed that the inhibitor molecules form a good protective film
onto the 304 austenic stainless steel surface.
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