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ABSTRACT

The corrosion inhibition of AISI309 austenitic stainless steel by 2,2'-Bipyridyl in 0.5M
H,S0, at 298K was studied using the mass loss’ method, the potentiodynamic polarization (Tafel),
the linear polarization (LRP) and the electrochemical impedance spectroscopy (EIS). The results
showed a mixed inhibition mode and an increase in the charge transfer resistance, due to inhibitor
molecules’ adsorption at steel surface. This latter obeys to Langmuir isotherm. The observation
by scanning electron microscopy (SEM) and the analysis by energy dispersion spectrometry
(EDS) confirm an inhibitor film’s presence. The calculated inhibition efficiencies are in accordance

with 87.78% maximum value.
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INTRODUCTION

Austenitic stainless steels are widely used
as building materials in the following fields: medical,
automotive, food'!, steam power stations?, piping
systems, chemical factories and heat exchanger
equipment?. Their resistance to corrosion is due to
passive film formation of chromium oxide on the
surface. However, these steels are sensitive to
corrosion in certain acidic media®, including sulfuric
acid and hydrochloric acid which are widely used

for stripping, cleaning and descaling industrial
processes®®.

The organic inhibitors’ use is a practical,
economical and effective method of protecting
materials against corrosion’. The heterocyclic
organic compounds containing Nitrogen are
considered in the literature as mild steel’s efficient
corrosion inhibitors in acidic media®. Generally, the
adsorption mechanism of these compounds is
made by heteroatoms such as nitrogen, oxygen
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and sulfur®'® and depends on inhibitor’s physic-
chemical properties, electrolyte’s chemical
composition and metal nature'" 2.

Among the heterocyclic organic
compounds, pyridine and its derivatives are
effective inhibitors against mild steels’ corrosion in
hydrochloric acid®2°. Moreover, pyridine plays a
very important role in biological activity by its
presence in natural and pharmaceutical products;
generally, its derivatives possess various
pharmacological properties™?'. However, few
studies were carried out on pyridine and its
derivatives as stainless steels’ corrosion inhibitors
in H,S0O,2? 23,

Organic compounds containing a single
pyridine ring are the most used, whereas those
containing several rings are rarely used, so it is
necessary to study the steel inhibition by these
compounds with pyridine several rings which
efficiency is important.

In this work, the main objective is to study
the corrosion inhibition of AISI309 austenitic
stainless steel by 2,2'-Bipyridyl in 0.5M H,SO,, this
inhibitor contains two pyridine rings. The corrosion
behavior was pursued by the weight loss method,
potentiodynamic polarization (Tafel), electrochemical
impedance spectroscopy (EIS) and the samples’
surface was characterized by Scanning Electron
Microscopy (SEM) and Energy Dispersive
Spectroscopy (EDS).

EXPERIMENTAL

Materials and media

The studied steel is AISI309 austenitic
stainless steel whose chemical composition,
established by spark spectroscopy, is shown in
Table. 1.

The observation by light microscopy of the
Nikon ECLIPSE LV 100ND shows an austenitic
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structure with precipitates at grain boundaries
(Fig.1). The diffracto g X recorded on a diffracto
meter BRUKER D8, adjusted by Maud software
(Fig.2), identifies the following phases: an austenitic
phase Fey at 86% and the rest of M,,C, and M,C,
carbides.
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Fig. 1. Optical micrograph of AISI309 steel
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Fig. 2. Diffractogram of AISI309 steel

The experimental inhibitor is 2, 2-Bipyridyl,
supplied by the company Sigma-Aldrich and whose
chemical structure is shown in Fig.3. The studied
medium is 0.5 M H,SO, without and with the
concentrations 106, 10°, and 10-*M of 2,2'-Bipyridyl.

Gravimetric study

The gravimetric measurements were
carried out on samples with the dimensions 1.2 cm
x 1.35 cm x 0.7 cm in 50 ml of 0.5M H,SO, without

Table .1: Chemical composition of AISI309 austenitic stainless steel (wt. %)

C Si Mn P S

Al Cr Ni \

0.4 1.58 0.74 0.019

0.012

0.28 23.94 14.23 0.08
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and with inhibitor’'s different concentrations. After
2 h immersion at 298 K, the samples were rinsed
with distilled water and acetone and then dried and
weighed using KERN ALS 220-4N analytical
balance of precision = 0.1 mg.

Fig. 3. Chemical structure of 2, 2’-Bipyridyl

Electrochemical measurements

Electrochemical measurements were
carried out using Gamry interface 1000 potentiostat/
galvanostat, associated with Gamry Framwork
software and equipped with a conventional
electrochemical cell with three electrodes:
saturated calomel electrode (SCE), platinum
counter electrode and AISI309 austenitic stainless
steel working electrode. The latter is embedded in
an epoxy resin delimiting 1cm? flat working surface,
polished successively with silicon carbide (SiC)
abrasive papers with different particle sizes: 600,
800, 1000 and 1200 and finally with 3u diamond
paste. After wards, it is washed with distilled water,
degreased with acetone, then washed again with
distilled water and finally dried under a dry air
stream.

The electrochemical measurements were
made after one hour immersion at 298 K: (a) the
polarization curves (Tafel) are plotted by scanning
the potential range (-600 to +970) mV vs. SCE at
1mV s rate; (b) polarization resistance (Rp) was
measured from the obtained polarization curves at
+10 mV relative to corrosion potential; and (c)
electrochemical impedance spectroscopy’s
measurements (EIS) were carried out in the
frequency range from 100 kHz to 10 mHz with 10
mV signal amplitude.

Surface analysis by MEB-EDS

The observation and analysis of samples
surface were carried out, after 72 h immersion in
0.5M H,S0, without and with 2,2'-Bipyridyl, by

Zeiss EVO MA25 scanning electron microscope,
related to OXFORD X-MaxM energy dispersive
spectroscopy (EDS)

RESULTS AND DISCUSSION

Mass loss measurement

Mass loss measurements of AISI309
stainless steel in 0.5M H,SO, without and with
different concentrations of 2,2'-Bipyridyl, after 2
hours immersion at 298K, were evaluated by the
corrosion rate C, and the inhibition efficiency
E, (%), calculated by the following equations®.

C.=AW/At (1)
Where:

AW: mass loss;

A: sample surface (cm?);

t: immersion time (h).

E, (%) =[(Cg,- Cp) / C )l x 100 (2)

Where C_, and C,_ are respectively
the corrosion rates (mg cm2h"), without and with
inhibitor addition in 0.5M H,SO,. The calculated
values of corrosion rate (C,) and inhibition
efficiency (E,, %) are shown in Table. 2.

Table. 2: Corrosion rate (C,) Values and
inhibition efficiency E, (%) obtained from
gravimetric measurements

Concentration of C, (mgcm?h™) E, (%)
inhibitor (M)

Blank 0.2150 -
10® 0.0745 65.34
10° 0.0575 73.25
10+ 0.0358 83.34

The results (Table. 2) show that the
inhibitor concentration’s increase decreases the
corrosion rate and consequently raises the
inhibition efficiency which reaches 83.34%
maximum value at 10“*M (Fig.4). This increase is
attributed to the adsorption of 2,2’-Bipyridyl
molecules on steel surface leading to a protective
film formation?.

Measurements of electrochemical impedance
spectroscopy

The electrochemical impedance spectra
of AISI309 steel at 0.5M H,SO,in Nyquist



representation, plotted after 1 h immersion without
and with 2,2'-Bipyridyl, at the concentrations
(106,10°et 10*M) are presented in Fig.5(a). Without
2,2'-Bipyridyl, the impedance spectrum is composed
of two loops: a semicircular high frequency (HF)
capacitive loop attributed to charge transfer
reaction®®?” and an inductive loop at low frequencies
(LF) attributed either to relaxation process due to
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FeSO, species’ adsorption or the inhibitor species
on metal surface?®, and / or at passive film’s
re-dissolution®. With 2,2’-Bipyridyl, the impedance
spectra are composed of a single capacitive loop
indicating that the corrosion process is controlled by
charge transfer phenomenon''. The inductive loop’s
disappearance with 2,2-Bipyridyl addition results from
the protective film formation on steel surface®.
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Fig. 5. Impedance diagrams of AISI309 steel in 0.5M H,SO, at different
concentrations of 2,2'-Bipyridyl in representation of Nyquist (a) and Bode
according to the phase angle (b) and the
modulus (c)

The Nyquist curves with 2,2’-Bipyridyl at
different concentrations are wider than that without
inhibitor, their diameters increase with the inhibitor
concentration increasing, thereby improving the
inhibition efficiency?'%,

The obtained capacitive half-loops are not
perfect; this may be attributed to the frequency

dispersion effect, resulting from roughness and
inhomogeneity of the electrode surface®. Therefore,
instead of modeling the double layer by C
capacitance, it is preferable to use a constant phase
element (CPE) whose impedance is described by
the expression®.
e = Q7 ()" (3)

Where.



Q is the CPE constant;
o is the angular frequency (in rad s);
j?= -1 is the imaginary number.

The exponent n can characterize different
physical phenomena such as surface in
homogeneities resulting from its roughness,
inhibitor adsorption and porous layer’s formation®;
its values vary from 0 to -1 and characterize the
CPE properties®-7,

In Bode’s representation, the phase angle
Fig.5(b) increases with the inhibitor at different
concentrations compared to that without
2,2'-Bipyridyl, this increase is due to inhibitor film’s
formation on metallic surface and ’IZI” modulus’
increase Fig.5(c) indicates good inhibitor

Rs CPE
VaVa >
Ret

(a) AL L1
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performance®. The equivalent circuits deduced from
the impedance curves in representation of Nyquist
without and with inhibitor are shown respectively in
Fig.6(a) and Fig.6(b).

Without inhibitor, the equivalent circuit is
constituted of an electrolyte resistance (R,), a
constant phase element (CPE), a charge transfer
resistance R, an inductive resistance (R ) and an
inductance L. With inhibitor, the equivalent circuit is
composed of an electrolyte resistance (R,), a
constant phase element (CPE) and a charge transfer
resistance R . From this electrical model, a
parametric adjustment was made (Fig.7) showing
that both experimental and simulated spectra are
well correlated with an adequacy coefficient y? of
the order 23 x 103,
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Fig. 6. Models of equivalent electrical circuits used for the impedances’ analysis:
(a) without inhibitor, (b) with inhibitor
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Fig. 7. Experimental and adjusted Nyquist’s diagram of AISI309 steel in
0.5M H_SO, containing 10*M 2,2'-bipyridyl
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The values of various electrochemical
parameters, deduced from the impedance spectra’s
parametric adjustment, are reported in Table 3. The
corrosion’s inhibition efficiencies are calculated
from R, values according to the following equation®

E..(%) = [(R,- R,) /R ] x100 (4)

cto:
Where R_, and R are respectively steel

charge transfer resistances’ values without and with
inhibitor addition.

The values of these parameters show that:
R, value rises with the inhibitor concentration
increase; this is attributed to a protective film’s
formation at metal / solution interface, which
enhances the inhibition efficiency®. The CPE
values’ reduction can result from the increase of
the inhibitor film’s thickness formed on metal surface
may be due to 2,2'-bipyridyl molecules’ adsorption
at metal / solution interface?.

The maximum R, (773Q cm?) and the
minimum CPE (111. 5 yF cm) are reached at the
10“M concentration of 2,2"-bipyridyl.

Table. 3: Electrochemical impedance parameters for AISI309 in 0.5M H,SO, without and with
addition of 2, 2’-bipyridyl various concentrations and the corresponding inhibition efficiency

Concentration of R(©Q cm?®) R (€ cm?) CPE(UF cm?) N R(Qcm?) L(Hcm?) E.(%)
inhibitor (M)

Blank 217 94.39 749.4 0.868 289.2 551 -
10® 3.31 303.6 202.7 0.894 - - 68.90
10°° 3.42 424.8 179.4 0.875 - - 77.78
10+ 3.83 773 111.5 0.902 - - 87.78

The inhibition efficiency, calculated from
Equation (4), rises according to 2,2'-bipyridyl’s
concentration’s increase and reaches 87.78%
maximum value at 10“*M which is higher than that
obtained by Ghazoui et al’®., at 10°M imidazopyridine
derivative.

Open circuit potential

Figure. 8 shows the variation of the
AISI309 steel's open-circuit potential E,, without
and with 10M 2,2'-bipyridyl during 1 h of immersion
without inhibitor, the open-circuit potential tends to
stabilize at -395 mV / SCE, with inhibitor we note
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Fig. 8. Variation of the open-circuit potential according to time without
and with10*M 2,2'-Bipyridyl



the E, displacement towards more positive values
which is due to the inhibitor’s film formation.

Potentiodynamic (Tafel) polarization

Figure. 9 shows the samples’ polarization
curves (Tafel) in 0.5M H,SO, without and with
2,2'-bipyridyl at different concentrations after 1 h of
immersion at 298 K. The curves have the same
general shape with an anodic passivation plateau
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in the potential range between -0.2 and +0.8 V vs.
SCE. The inhibitor addition reduces the anodic and
cathodic current’s densities, shifts the corrosion
potential to noble values and varies the Tafel's slope
values. The Bc change indicates 2,2-bipyridyl influence
on the cathodic reaction’s kinetics. The variation of the Ba
anode branch’s values may be due to the inhibitory
molecules’ adsorption on metal surface.
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Fig. 9. Polarization curves (Tafel)

of AISI309 steel in 0.5M H,SO,

containing different concentrations of 2,2'-bipyridyl

Generally, the inhibitor compound’s
classification depends on its influence on the
shifting of the corrosion potential (d._ ) compared
to its value without inhibitor (E_ ). If d_,, > 85 mV,
the inhibitor is considered as an anodic or cathodic
type, whereas if d__, < 85mV, it is considered to be
a mixed type® *'. In this study, d__ =+73 mV to the
anodic direction indicating that the 2,2'-bipyridyl
inhibitor acts as a mixed inhibitor with mainly an
anodic effect. This behavior is due to 2,2'-bipyridyl
molecules’ adsorption which blocks the cathodic
and anodic active sites by reducing the cathodic
hydrogen release’s rate and the slowing down of
metal anodic dissolution’s reactions’.

In Table. 4, the electrochemical
parameters are grouped, derived from the
polarization curves (Tafel), such as the corrosion

potential (E_, ), the slope of cathodic Tafel (3,) and
anodic (B,), the corrosion current density (i ) and
the polarization resistance (Rp) measured from the
(LRP) method; Without inhibitor, i = 55.57 uA cm? and
Rp =94.28 Q cm?, they reach respectively 7.68 uA
cm2and 753 Q cm? at 10*M of 2,2'-bipyridyl.

The inhibition efficiencies E (%) and
ERp(%) were calculated from the polarization
resistance and the corrosion current density without
and with inhibitor according to Egs. (5) (6)*2.

/i 1x100

corr

E(%) =l (i, —i (5)

corr(inhi))

feorr
corr
corinny COFTOSION current density without inhibitor.

Where:
i1 corrosion current density with inhibitor;

i .

Epp(%) =1 (Rp(inh) —Rp)/ Rp(mh)] x 100 (6)
Where:
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Rp: polarization resistance without inhibitor;
Rp(inh): polarization resistance with inhibitor.

The best inhibition efficiency E, (86.17%)
obtained at 10*M 2,2'-bipyridyl is the same found
by Bin Xu et al.,’® at 3mM N-Bis (2-pyridylmethyl)
aniline in 1 MHCI. We note a concordance of the
obtained values E, (86.17%) and E_, (87.47%).

Adsorption Isotherm

In general, the molecules’ adsorption
process on metallic surface is reflected by water
molecules’ replacement adsorbed by organic
molecules according to the following reaction.

Org(sol) +xH,0

27 (ads)

— Org(ads) +xH,0 (7)

2 (sol)

Table. 4: Steel electrochemical parameters sat various concentrations of 2, 2’-bipyridyl in 0.5M
H,SO, and calculated inhibition efficiencies

Concentration of E_ (mV i (A -Be(mV Ba(mV Rp (Q E(%) EHp(%)
inhibitor (M) vs SCE) cm2) dec™) dec™) cm?)

Blank -403.7 55.57 104.7 56.4 94.28 - -
10® -401.4 17.83 86.0 37 325.3 67.91 71.01
10°° -366.9 14.89 83.7 52 467.4 73.20 79.82
10+ -330.6 7.68 124.8 79.4 753 86.17 87.47
Where: coefficient’s value (R? = 0.9998) is close to unity.

Org,,,: dissolved organic molecules in solution;
H.,O._  : water molecules in solution;

2 (sol) *
Org(;S: . organic molecules adsorbed at metallic
surface;
H,O.., : Water molecules adsorbed at metallic
surface;

x: water molecules’ number substituted by organic
molecules.

The adsorption mechanism as well as the
inhibitors behavior can be explained by
thermodynamic interpretation of the adsorption’s
isotherms, established from potentiodynamic
polarization measurements.

The adsorption isotherm is represented
by C,,/ 6 graph according to C_ (Fig.10).

Where, the metallic surface coverage (0)
by the adsorbed atoms is calculated using the
following equation *4.

6=E (%)/100 (8)

E, (%): inhibition efficiency calculated
depending on corrosion current densities.

The best adjustment gives a characteristic
straight line of Langmuir isotherm whose regression

According to this model, the surface coverage 6 is
linked to the adsorption equilibrium constant K__
by the equation*'.

C.'6 =1K_ +C,, (9)
Where:

C,,, : inhibitor concentration;

K_._can be calculated from the fit line’s intersection

ads

on C_ /6 axis.

The standard free energy of adsorption
(AG°, ) is obtained according to the following
equation“:

AG =-RTIn(55.5K_,)

Where:

R: universal gas constant (8.314 J mol' K);
T: absolute temperature;

(10)

The value 55, 5 is the water concentration
in solution (mol L).

The high value of K__ = 0.818 x 10 M
indicates 2,2’-Bipyridyl‘s strong adsorption on steel
surface giving 86.17% a 10*M inhibition efficiency.

For AG_,, <-20 kJ mol”, the organic
molecules are physisorbed on metallic surface,



whereas for AG,_, >-40 kJ mol”, the inhibitory
molecules are chemisorbed on metallic surface by
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the calculated value of AG_ . is -43.68 kJ mol”, thus
2,2’-bipyridyl adsorption is spontaneous and

charge sharing or transfer*s. In this study, chemisorption.
0.00012
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0000104 R®=0.9998
—_ 0.00008
= .
£ 0.00006 -
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O 0.00004
0.00002
0.00000
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0.0E+00 2.0E-05 4.0E-05 6.0E-05 8.0E-05 1.0E-04
Cinn(M)

Fig. 10. Langmuir adsorption isotherm of AISI309 steel in 0.5M H,SO,
at 2,2'-Bipyridyl different concentrations

Scanning electron microscopy

Figure.11 shows samples surface’s
micrographs, obtained by MEB after 72 h of
immersion in 0.5M H,SO, without and with 2,2'-
bipyridyl 10-*M; without inhibitor (Fig. 11(a)), the
surface is rough and strongly corroded; with inhibitor
Fig. 11(b), it appears to be less attacked and has a
rather smooth aspect; the spectra (EDS)
corresponding to the 02 states are presented in

Fig.12(a),(b). By comparison, the obtained elements’
atomic percentages are reported in Table 5; the
inhibited case demonstrates a peak’s appearance
at 4.09% nitrogen, a carbon percentage’s increase
from 9.46% to 20.25%, a decrease in iron
percentage from 58.27% to 49.50% and the
absence of sulfur peak. These results confirm the
inhibitor molecules’ adsorption on samples surface.

Table. 5: Elements’ atomic percentages obtained from the EDS spectra

Media Fe Cr C (0] S N Ni
0.5M H,SO, 58.27 17.44 9.46 4.41 0.89 0.00 9.54
0.5M H,SO, +10*M 2,2"-bipyridyl 49.50 15.14 20.25 3.89 0.00 4.09 6.94
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Fig.11. Steel MEB images after 72h immersion in 0.5M H,SO,, (a) without inhibitor, (b) with
10*M 2,2’-bipyridyl
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CONCLUSION

The corrosion inhibition of AISI309
austenitic stainless steel by 2,2'-Bipyridyl in 0.5M
H,SO, was studied by gravimetric, potentiometric
polarization (Tafel), electrochemical impedance
spectroscopy, and micrographic analyzes by MEB
and EDS. The obtained results show that:

1. 2,2'-bipyridyl presents good inhibitory
properties, its efficiency is 83.34% at 10“M.

2. 2,2'-bipyridyl acts as a mixed inhibitor with a
mainly anodic effect.

3. The inhibitor concentration increase causes
a raise of charge transfer resistance.

4. 2,2'-bipyridyl adsorption obeys to Langmuir
isotherm and Gibbs energy AG_, = -43.68
kJ mol' indicates a lot more chemical than
physical adsorption.

5. SEM observation and EDS analysis confirm
an inhibitor film’s formation on metallic
surface.
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