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ABSTRACT

Anodic polarization of nickel was studied by potentiostatic technique in neutral media in presence of two macrocyclic
ligands. Pit initiation was detected by measuring pitting potential, E, and the charge transfer, Q during the anodic po-
larization. Initiation of pitting and Q were found to be dependent on the structure and concentrations of inhibitors. Under
steady state conditions, the inhibition efficiency was in the order 1, 4, 8, 11 tetraazacyclotetradecane (cyclam) > N,
N’-bis (2-aminoethyl) 1, 3-propandiamine (2,3,2-fef) due to macrocyclic effect. These findings were confirmed by fit-
ting the data to different adsorption isotherms. Adsorption on nickel surface was obeyed kinetic-thermodynamic model
for the two inhibitors. Influence of [Cl] on corrosion behavior of nickel in sulphate solution containing inhibitors was
investigated. A mechanism involving three competitive equilibria of dissolution of nickel in presence and absence of the
inhibitors was proposed. Empirical and theoretical kinetic equations were compared and discussed. There is a good
agreement between the calculated and observed rate constants.
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1. Introduction

The importance of nickel as basic material for corrosion
resistant alloys and its catalytic properties with respect to
many organic reactions is well recognized [1]. Although
nickel is known as corrosion resistant metal in many ag-
gressive media, it corrodes at a significant rate in the pre-
sence of mineral acids or in neutral medium.

Increased resistance of passive metals to localized cor-
rosion in aqueous-chloride containing solutions often can
be obtained by addition of certain compounds at concen-
trations much lower than that of chloride ion [2]. Jha et al.
studied the effect of dicyandiamide, biguanide, and gu-
anylurea on corrosion of nickel in neutral medium [3-5].
They found that the presence of the inhibitors promote
considerable inhibition at higher concentration as well as
with increasing the temperature. The inhibition charac-
teristics and quantum chemical data show that corrosion
current depends mainly upon the energy of the Highest
Occupied Molecular Orbital (HOMO) while Lowest Un-
occupied Molecular Orbital (LUMO) gives an idea about
electron affinity of the molecule. Polarization characte-
ristics of Ni were measured in 0.5 M K,SO, in the pre-
sence and absence of dimethylacrylamide (DMA) [6]. The
changes in the composition of the surface of the electrode
were examined by XPS which indicated a change in the
chemical nature of the surface; the hydroxide layer is
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covered with an additive film (NIOOH/DMA). The high
efficiency is due to the presence of two double bonds and
a tertiary nitrogen atom. Effect of a number of benzimi-
dazole derivatives in inhibiting the anodic dissolution of
nickel in aqueous solutions of lithium perchlorate were
made [7]. The effectiveness of inhibition depended on the
electrode potential and the nature of the substituent in the
organic molecule. The effect of the concentration and che-
mical nature of anions-activators, the pH and solution tem-
perature on the inhibition process of pitting of nickel has
been studied [8]. The relationship between the potential
of pitting (Ep) and chemical nature of the anion was de-
scribed quantitatively using the hydrophobic and elec-
tronic characteristics of anion. The existence of the limited
value of (E,), which does not depend on concentration but
only on its chemical nature, was shown.

The mechanisms of inhibition of localized corrosion
are quite difficult to establish in view of the complexity
of the localized corrosion process coupled with all of the
possible interactions of the inhibitor with surface or inter
phase chemistry [9-12]. Literature survey showed little
work appears to have been made on the use of chelating
ligands as corrosion inhibitors for nickel, particularly in
neutral medium. Multidentate ligands [13] making avail-
able two or more donor atoms for binding and hence are
thought to have superior inhibition efficiency to monoden-

OJPC



222 F. M. MAHGOUB, A. M. HEFNAWY

tate ligands. The cyclic nature of these ligands is thought
to enhance ligation [14-17]. Just as a chelating n-dentate
ligand gives a more stable complex than unidentate li-
gand of a similar type, a phenomenon known as the che-
late effect. So an n-dentate macrocyclic ligand gives even
more stable complexes than the most similar n-dentate
open chain ligand. This so called macrocyclic effect re-
sults from a favorable entropy change assisted, usually by
favorable enthalpy change as well [18,19].

The purpose of the present study is to investigate the
corrosion inhibition characteristics of the qundridenate
macrocyclic ligand 1, 4, 8, 11, tetraaza-cyclotetradecane
(cyclam) and its open chain analogous N, N’-bis (2-
amino ethyl) 1, 3-propandiamine (2,3,2-zef) on nickel dis-
solution in neutral media. In addition, to study the kine-
tics and mechanism of pitting corrosion of nickel in pre-
sence of inhibitors.

2. Experimental

Nickel dissolution rate was determined using DC cyclic
anodic polarization. Electrochemical polarization measure-
ments were achieved by connecting the cell to Wenking
potentiostat. The working electrode was nickel wire (BDH,
99.99%) with 1.25 mm in diameter. Before the mea-
surements, the specimens being used were polished with
a series of emery papers with different grades (320 - 600
- 1200 grit), starting with a coarse one and proceeding in
steps to fine grades. The rods were washed thoroughly
with distilled water and dried with ethanol. All the ex-
periments were thermostated at room temperature. The
sweeping rate used in this study was 1 mV/sec. Electrode
potentials were measured vs. reference Saturated Calo-
mel Electrode (SCE).

The macrocyclic inhibitors studied were N,N’-bis (2-
aminoethyl)-1,3-propane diamine (2,3,2-tef), and 1,4,8,
11-tetra-azacyclo-tetradecane, (cyclam) were purchased
from BDH and Aldrich chemical companies respectively
and were used without further purification.

The inhibition efficiency of the compounds used in re-
tarding the corrosion of nickel could be measured by
evaluating the percentage inhibition, %P, from the fol-
lowing relationship:

%P:loo{l—ﬁ) 45
q

where ¢ and g; are the charge transfer per unit area in the
absence and the presence of inhibitor respectively.

q= AQ electron - equivalent / cm’ 2)
where A is the electrode area, F' is Faraday constant and
QO is the number of coulombs of electric charge con-
sumed in the electrode process. Q is evaluated by inte-
gration of i-V f{r) diagrams of the cyclic polarization
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according to the following equation:

Q= [idt coulombs (3)

3. Results and Discussion

Inhibition effects of macrocyclic ligands on pitting
corrosion of nickel

The potentiodynamic scan began at —0.1 V vs SCE and
extended to 1.0 V (vertex point), followed by a reverse
scan back to a final potential of —0.1 V. Figure 1 repre-
sents the cyclic polarization i-V f{t) curves of nickel in
deareated 0.1 M KCI solution with and without different
concentrations of the 2,3,2-tet. The effect of cyclam and
2,3,2-tet on the electrochemical parameters is manifested
in Table 1. The degree of hysteresis indicates the ten-
dency toward localized corrosion or pit formation. From
these curves, it can be observed that the presence of
2,3,2-tet in the medium leads to improve the inhibition of
pitting corrosion by shifting the critical pitting potential
of initiation (E,) towards more positive values. Besides,
the hysteresis area became less and accompanied with a
reduction of the integral charge transfer of the anodic
dissolution process (g). Diminished area of hysteresis
means that the protected nickel suffers fewer tendencies
towards pitting corrosion and its corrosion resistance
increases. Findings reveal also that Ep shifts to more
positive values and enhancing the concentration of cy-
clam and 2,3,2-tet in the medium leads the quantity of
charge required for passivation gradually decreased sug-
gesting that the adsorption of the inhibitors molecules on
nickel surface inhibits the dissolution of nickel.

Figure 2 shows the effect of 2 x 10° M of 2,3,2-tet
and cyclam on anodic polarization cycle in chloride solu-
tion. Figure 3 shows the variation of the percentage in-
hibition (%P) as a function of the logarithm of molar
concentration of the two inhibitors. The role of the inhi-
bitor on passivating metals is to repair the breakdowns in
the oxide film which are assumed to occur mainly at

3

——0.0M
—=—0.0001M
«—0.0004M
——0.0006M
—=0.001M
0.002M

Figure 1. Effect of increasing the concentration of 2,3,2-tet
on polarization cyclein 0.1 M KCI.

OJPC



F. M. MAHGOUB, A. M. HEFNAWY 223

Table 1. Electrochemical parameters obtained from D.C.
polarization measurements of nickel in 0.1 M KCI.

Inhibitor Cyclam 2,3,2-tet

s -5
Conc. ¢ x 107 elec- E,V %P q % 107 electron E,V %P

M tron equiv./cm’ equiv./cm’

0.0 1.72 0.00 - 1.72 0.00 -
1x10*M 1.48 0.09 13.7 1.59 0.05 7.47
4x10*M 1.12 0.14 348 1.31 0.07 23.65
6x10*M 0.82 020 52.2 1.01 0.10 41.20
1x10°M 0.65 031 62.5 0.81 0.18 52.95
2x10°M 0.55 0.40 68.2 0.68 0.21 60.30

1.4
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1
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0.4
0.2
0 ‘
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Figure 2. Effect of 0.002 M inhibitors on anodic polariza-
tion cyclein 0.1 M KCI.
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Figure 3. Relationship between percentage inhibition and
log concentration of inhibitors.

the inclusion sites or grain boundaries [20] or to block
the oxide surface. Figures 2 and 3 show that the inhibi-
tion of cyclam is more efficient than 2,3,2-tet. These could
be attributed to the macrocyclic effect where cyclam is a
cyclic compound while 2,3,2-fet is an open chain one.
The cyclic nature of these ligands is thought to enhance
ligation. Besides, macrocyclic ligands are known to form
stable complexes with metals in their zero oxidation state
[19] or in this study as nickel hydroxide/inhibitor com-
plex.
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Kinetic-thermodynamic model and adsorption iso-
therms analyses

The data obtained from DC measurements have been
fitted to the kinetic thermodynamic model in terms of ac-
tive site occupancy parameter, y, and binding constant of
the inhibitor with the metallic surface, K. The obtained
results are compared with fits executed from the applica-
tion of Langmuir, Frumkin and Flory-Huggins adsorption
isotherms.

The curve fitting for 2,3,2-tet and cyclam data to the
Langmuir isotherm (Equation (4)), Frumkin isotherm
(Equation (5)) and Flory-Huggins isotherm (Equation (6))
are given in Figures 4(a)-(c), respectively. The results
indicate that the data does not fit any of the above iso-
therms.

=KC )

[%} exp [—2a6] =KC %)

w

n

o

t
o

W
0

(b

©

Figure 4. (a) Test of Langmuir adsor ption isotherm; (b) Test
of Frumkin adsorption isotherm; (c) Test of Flory-Huggins
adsor ption isotherm.
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L =KC (6)

X (1 -6 )"
where @ is surface coverage, C is the inhibitor concentra-
tion, a is a molecular interaction parameter depending on
the molecular interactions in the adsorption layer and on
the degree of heterogeneity of the surface, and x is the
size ratio and is simply the number of water molecules
replaced by one molecule of organic adsorbate.

The curve fitting of the obtained data using cyclam and

2,3,2-tet to kinetic-thermodynamic model (Equation (7))
is given in Figure5.

10g%=10gK’+ylogC 7

K=k" (8)

As can be seen, good straight lines fit are given for the
compounds used. The slope of the lines is representing y,
the number of inhibitor molecules occupying a single
active site. The intercept islog K". (l/ y) gives the num-

ber of active sites occupied by a single inhibitor molecule.

Table 2 gives the adsorption parameters obtained from
Kinetic-thermodynamic model using cyclam and 2,3,2-tet.
The table displays that the value of K increases from 931
to 1442 for 2,3,2-tet and cyclam respectively.

This clearly indicates that the strength of electrical in-
teractions by adsorbing molecules and surface of the
metal increases in the same order noticed previously and
hence the percentage inhibition. The results show also
that (1/y) values are approximately equal to the unity
indicating that the adsorption process takes place by the
occupation of one active site per a single inhibitor mole-
cule. AG®,4, was —ve values mean spontaneous adsorption
of inhibitor on the metal surface.

Kinetics study of pitting corrosion of nickel in
Na,SO, media containing CI” ions

Figure 6 shows the anodic potentiodynamic polariza-
tion curves of nickel in 1.0 M Na,SO, containing differ-
ent concentrations of KCI. Inspection of this Figure
shows that pitting potential was shift to the less positive
potential direction with increasing [Cl ]. MacDougall [21]
discussed this behavior on the basis that E, becomes pro-
gressively easier to initiate pitting at higher [Cl]. The
more Cl ion in solution leads to the larger active areathat
can be generated and the lower the anodic overvoltage

Table 2. Binding constant, number of active sites and
change of free energy obtained from kinetic-thermody-
namic model for 2,3,2-tet and cyclam.

Inhibitor K 1y AG®,4s (kJ/mol)
2,3,2-tet 931 0.97 -26.4
Cyclam 1442 1.00 -27.5
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for a particular charging rate. The Figure also indicates
that after a period of continuous dissolution prior to
about 1.0 volt, all anodic polarization curves are charac-
terized by a limiting current. The limiting current value
increases with the increase of the concentration of CI
ions due to the ability of Cl to interfere with oxide for-
mation and thereby decrease the repair efficiency. This
causes further metal dissolution and even more CI" mi-
gration into the breakdown area [21]. The limiting cur-
rent values could be considered as rate constant, ko, in the
absence of [Cl] and as £k, in the presence of different
concentrations of Cl ion.

Figure 7 represents a plot of (k,»—k,) vs [CI'] con-
centrations, the Figure confirms the following rate ex-
pression [17,23]

k, —k)=————= 9

( obs a) b+C|:C1_:' ( )
Figure5. Test of kinetic-thermodynamic model.
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Figure 6. Anodic potentiodynamic polarization curves of
nickel in 1.0 M Na,SO, containing different concentrations
of KCI.

S

Figure 7. Plot of (Kgps— ko) VS[CIT] for corrosion of nickel in
1.0 M Na,SO,.
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Equation (9) refers to a number of possible mecha-
nisms. These mechanisms could involve competitive anion
adsorption, anion migration through the passive film, com-
petition between metal dissolution and film repair or lo-
calized attack at preexisting flaws in the passive film. In
other words, Cl” ion is expected to enhance nickel dis-
solution probably through preferential adsorption of CI”
on the Ni surface or it may delay passive film formation,
probably via an interaction with soluble intermediate com-
pound. CI" ion also could attack the precipitated oxide
leading to damage its protective nature. In the pH range
of the electrolyte considered in this study and according
to the theoretical equilibrium diagram the main stable
corrosion product in the passive film is expected to
be Ni,O, -H,O . Employing differential reflectometry in
conjugation with ESCA, it has been proved that Ni(OH),
film is mainly observed on pure Ni in 0.15 N-Na,SO,
[22].

The proposed a mechanism in which CI” ions are ad-
sorbed on the metal surface in competition with (H,O),gs,
followed by a rate determined dissolution step (R.D.S)
that is catalyzed by CI ions.

K
Ni + H20 < Ni(H20 ) at
K
Ni+ClI™ éNi(cr)ads
Ni(cr )d < NiCl+e
k
NiCl+Cl 15:1):.)5 NiCl (aq.) +e
or
Ni(cr)ads+c1* & NICh + 26"
R.D.S

This mechanism is similar to the mechanism of disso-
lution of Al in HCI [23] and leads to an observed rate
constant dependence on Cl of the form:

) ko[ cr |
14K, (H,0)+K, [ CI |

(10)

obs

Under the conditions K, (H,0); K, [Cl’} >1, Equa-
tion (10) reduces to:

kK[ CI ]2

T1tK, (H,0)+K,[CI'] (h

obs

This condition is equivalent to saying that the surface
of the metal is totally covered by either adsorbed H,O or
CI'. The inverse form of Equation (11) gives:

[or ]

k

K,(H,0)
kK, [ CI ]

=%+ (12)

obs

A plot of the left-hand side of Equation (12) versus

Copyright © 2012 SciRes.

1/[CI'] gave a good straight line (Figure 8). Employing
the liner least-square fit of the data, the equilibrium con-
stant, k, becomes 0.0519.

Kinetics of the inhibition of the pitting corrosion of
nickel

Anodic potentiodynamic polarization curves of nickel
in 1.0 M Na,SO,4 + 0.05 M KCl solutions containing dif-
ferent concentrations of 2,3,2-fet and cyclam are repre-
sented in Figures 9 and 10 respectively. Inspections of
these Figures show that all potential-current curves are
characterized by limiting current phenomena. It is ob-
served that the limiting current decrease with the increase
of the concentrations of the two inhibitors in the medium
and cyclam offer lowering limiting current than 2,3,2-fet.
These results confirm the previous data obtained from
the percentage inhibition versus the logarithm of the con-
centration of the inhibitors in Figure 3.

Figure 8. Plot of [ClI7]/kgs Vs 1/[CIT] for the CI™ ion cataly-
sisof nickel in 1.0 M Na,SO,.

4

" £ F+—0.0M

1.2 1 ' / [-0.0001 M
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Figure 9. Anodic potentiodynamic polarization curves of
nickel in 1.0 M Na,SO,4 + 0.05 M KCI containing different
concenrtrations of 2,3,2-tet.
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Figure 10. Anodic potentiodynamic polarization curves of

nickel in 1.0 M Na,SO,4 + 0.05 M KCI containing different
concenrtrations of cyclam.
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Log {(Ko/kobs) - 1}

Figure 11. Plot of log[(Ko/keps) — 1] vslog [I] for corrosion of
nickel in the presence of Cyclam and 2,3,2-tet.

The limiting dissolution current can be considered as
ko, kops In the absence and in the presence of inhibitors.
The contribution of the inhibitor molecule, I, in the
mechanism of dissolution of nickel in chloride media can
be proposed as in the case of dissolution of aluminum in
inhibited HCI solution [23], and can be given as:

K,
Ni + H20 <> Ni (H20 ) at

K
Ni+CI” @Ni(cr)ads
K3

Ni+ _)/I = Nin.ads
k
Ni (CI,y, )+ CI™ < NiCl+2e”
R.D.S

This mechanism leads to the following rate equation:

k K
log| —=-1|=1o = +ylog[1](13
g(km ] gK,[HZO]+K2 [cr] yieg]13)

Figure 11 represents a plot of log(k,/k,, —1) vs.
log [1] for cyclam and 2,3,2-tet. The plot gave a straight
line with slope of y and an intercept of log (K3/K,[Cl']).
The calculated values of 1/y (active site occupancy pa-
rameter or number of surface adsorbed water molecules
replaced by an inhibitor molecule) obtained from a least-
square fit are 1.05 and 1.18 for cyclam and 2,3,2-tet re-
spectively which could be considered almost the same as
in 0.1 M KCI solution. Of particular importance, how-
ever, is the ratio of the equilibrium constants for cyclam
to that of 2,3,2-tet [K;(cyclam)/K5(2,3,2 tet)] which could
be considered as a measure of the inhibition effi- ciency
of the two ligands. The ratio is 2.3 indicating that cyclam
is more efficient than 2,3,2-tet due to the macro- cyclic
effect.

4. Conclusion

The results appear to demonstrate that adsorption-type
organic inhibitors might be of interest in reducing the
pitting corrosion of nickel. The corrosion inhibition of
the qundridentate macrocyclic ligand (cyclam) is more
efficient than its open chain analogous (2,3,2-fef) on
nickel dissolution in neutral media.

Copyright © 2012 SciRes.
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