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The corrosion inhibition effect of phenanthroline (Phen) and its cobalt complex (CoPhen) on the corrosion
of carbon steel in sulphuric acid solutions was studied using potentiodynamic polarization and electro-
chemical impedance spectroscopy techniques at 20, 30, and 40 �C. Scanning electron microscopy techniques
were used to characterize the mild steel surface. The results indicate that the compounds inhibit the
corrosion of mild steel in H2SO4 solutions through a predominant physical adsorption following the
Langmuir adsorption isotherm. Polarization curves suggest that the complex and ligand are mixed-type
inhibitors. The efficiency of the inhibitors is concentration- and temperature-dependent and follows the
trend CoPhen>Phen.
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1. Introduction

Acid solutions are widely used in industry for acid pickling
of iron and steel, chemical cleaning and processing, ore
production, and oil well acidification. Due to the aggressiveness
of these acid solutions against metallic materials such as carbon
steels, the use of corrosion inhibitors is usually required to
minimize the corrosion attack. A number of compounds have
been explored as corrosion inhibitors and most of the well-
known inhibitors are organic compounds containing nitrogen,
sulfur, and oxygen atom in their molecular structures. Among
them, nitrogen-containing heterocyclic compounds are consid-
ered to be effective corrosion inhibitors on steel in acid media
(Ref 1). These compounds function as inhibitors by adsorption
on the metal surface through the nitrogen heteroatom, the triple
or conjugated double bonds, and/or aromatic rings in their
molecular structures. Also, some organic (coordinating) com-
pounds could react with metal ions in solution resulting from
corrosion process to form insoluble complexes that may inhibit
the corrosion reaction (Ref 2). These ligands and their
complexes as corrosion inhibitors have not been fully explored.

A known coordinating organic compound is 1,10-phenan-
throline (hereafter abbreviated Phen). The study of Phen and its
derivatives as corrosion inhibitors is of significant interest

because of their structures which suggests a number of possible
mechanisms by which they can interact with the metal surface
(Ref 3). Phen is a tricyclic aromatic bidentate N,N-heterocyclic
ligand known to form strong complexes or chelate substances
with most metal ions (Ref 4). It has been reported to behave as
a predominantly cathodic corrosion inhibitor for mild steel in
H2SO4 solutions (Ref 5), and as a mixed-type inhibitor in HCl
and chloride containing solutions (Ref 6-8). Being a strong
complexing ligand for metals, chemisorption on the metal
surface via the electron donor properties of the nitrogen atoms
as well as the p-electron of the aromatic ring has also been
suggested (Ref 3, 5). Phen could also form insoluble metal
complexes on the surface of the metal which further inhibits
corrosion. However, there are no reports on the corrosion
inhibition of its metal complexes. Phen derivatives have also
been acknowledged as efficient corrosion inhibitors for steel in
acidic media (Ref 3, 6, 9, 10).

In the literature, there appears to be very few works on the
corrosion inhibition behavior of metal complexes in acidic
media. Rangelov and Mircheva (Ref 2) reported the complexes
of tetramethyldithio-oxamide with Fe(II), Co(II), Ni(II), and
Sn(II) as corrosion inhibitors of steel in 1 M H2SO4 solutions at
a temperature range of 20-80 �C. Zn(II) complex of pyridoxal-
(4-methylthiosemicarbazone) was reported by Ita and Offiong
(Ref 11) as an effective corrosion inhibitor for mild steel in HCl
solutions. Khaled et al. (Ref 12) investigated the corrosion
inhibiting properties of 1,4,8,11-tetraazacyclotetradecane,
piperidine-, 2-, 3-, and 4-methylpiperidine-dithiocarbamates
as well as their corresponding complexes with Co(III) ion on
mild steel on iron in 0.1 M HClO4 and the inhibition mecha-
nisms for the complexes and the amino-ligands are proposed to
be mixed-type and cathodic-type, respectively. Ruthenium-
ligand complex (Ref 13), cobalt-N,N¢-bis (salicylaldehyde)-1,
3-diaminopropane complex (Ref 14), and acetylacetonate com-
plexes of Zn(II), Mn(II), Co(II), and Cu(II) (Ref 15) have been
shown to be cathodic-type inhibitors for steel in acidic media.
Aytac (Ref 16) reported the inhibition ability of Co(II), Ni(II),
and Cu(II) complexes of -Br and -OCH2CH3-substituted Schiff
bases as corrosion inhibitors for aluminium in 0.1 M HCl, while
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the complexes of Co(II), Ni(II), Cu(II), and Zn(II) with
2-acetylthiophene benzoylhydrazone (Ref 17) and Co(II), Ni(II),
Cu(II), and Zn(II) with 2-acetylthiophene benzoylhydrazone (Ref
18) were reported to show appreciable corrosion inhibition
properties for mild steel in 1 M HCl solutions. Generally, the
metal complexes were reported to be more effective in inhibiting
acidic corrosion than their respective ligands (Ref 11, 12, 14, 16-
18). The increased efficiency of the metal complexes compared
to their respective ligands has been attributed to the low water
solubility, high molecular weight, and molecular planarity of the
complexes (Ref 2, 17), and the stabilizing chelate effect of the
ligands (Ref 12). Complex formation between the complexes and
corrosion products resulting in the precipitation of insoluble
compounds on the surface of the metal has also been proposed as
a possible mechanism for the corrosion inhibition of metal by
complexes (Ref 17).

In order to contribute to the scarcity of information in the
literature on the corrosion inhibitory effects of complexes and
their respective ligands, and to elucidate a possible mechanism
for the corrosion inhibition of ligands and their respective
complexes, the present work is aimed at studying the corrosion
inhibitory properties of 1,10-Phen and its cobalt complex
(CoPhen): tris(l,10-Phen) cobalt(III) (NO3)3 (hereafter abbre-
viated CoPhen) on mild steel in H2SO4 at different tempera-
tures. The molecular structures of Phen and CoPhen are shown
in Fig. 1(a) and (b), respectively. Electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization methods
were employed to evaluate the corrosion rate of the mild steel
and inhibition efficiency of the inhibitors. The morphology of
the steel surface was examined by scanning electron micro-
scope.

2. Experimental

2.1 Materials Preparation

N80 carbon steel cut from its parent pipe was used as the test
material for these experiments, whose chemical composition is
shown in Table 1. The steel sheet was cut into coupons of

dimension 1 cm9 1 cm9 0.8 cm. The coupons were embed-
ded in two-component epoxy resin and mounted in a PVC
holder. A copper wire was soldered to the rear side of the
coupon as an electrical connection. The surfaces of specimens
were carefully ground with silicon carbide abrasive paper up to
800-grit, rinsed with distilled water, and degreased with
acetone.

Experiments were undertaken in stagnant aerated 0.1 M
H2SO4 solutions in the absence and presence of different
concentrations of Phen and CoPhen at 20, 30, and
40 �C± 1 �C. The temperature was maintained by placing
the cell on a thermostat water bath. Electrochemical measure-
ments were made using a PARSTA� 2273 electrochemical
measurement system connected to a computer and a JSM-
6360LV Scanning electron microscope was used for the
corrosion surface morphology observation. CoPhen was pre-
pared according to published procedures (Ref 19). All chem-
icals used were of Analytical reagent quality.

2.2 Electrochemical Measurements

Experiments were conducted using a conventional three-
electrode cell assembly with the counter electrode made of a
platinum foil and the reference electrode being a saturated
calomel electrode (SCE) connected to the cell externally
through a Luggin capillary tube (Ref 20) positioned close to
the working electrode to minimize the ohmic potential drop.
The glass cell was filled with 250 mL of the test solution and
the working electrode was immersed for 30 min prior to each
experimental measurement to attain a steady state (Ref 21, 22).
EIS measurements were taken over the frequency range of
100 kHz-10 mHz with a signal amplitude perturbation of 5 mV
at the corrosion potential.

The potentiodynamic polarization sweeps were conducted at
a sweep rate of 0.5 mV/s. The same cell and system were used
as in the EIS method. However, the solution and metal coupon
were changed after each sweeps. Each experiment was carried
out at least twice where a good reproducibility was attained.

3. Results and Discussion

3.1 Potentiodynamic Polarization Measurements

The potentiodynamic polarization curves for mild steel,
measured after reaching steady state, in aerated 0.1 M H2SO4

solutions in the absence and presence of different concentra-
tions of Phen and CoPhen at 20 �C are shown in Fig. 2(a) and
(b), respectively. Inspection of these figures shows that the
addition of Phen and CoPhen has a pronounced inhibitive effect
on the anodic and cathodic part of the polarization curves,
while the corrosion potential (Ecorr) is only slightly shifted.
According to Riggs (Ref 23), the classification of a compound
as an anodic or cathodic inhibitor is feasible when the open
circuit potential(OCP) displacement is at least 85 mV in
relation to the blank solution�s value. Banerjee and Misra�s
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Fig. 1 Molecular structures of (a) Phen and (b) CoPhen

Table 1 Chemical composition of the N80 carbon steel

Element C Si Mn P S Al Cu Nb Ni

Composition, wt.% 0.24 0.32 1.58 0.022 0.012 <0.01 0.006 <0.008 0.05
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(Ref 5) work on Phen as corrosion inhibitor for mild steel in
1 N H2SO4 obtained similar results but with slight displace-
ment of Ecorr in the negative direction (a shift less than 20 mV)
and proposed that Phen is a mixed-type inhibitor. From the

results obtained in this work, Phen and CoPhen decrease both
the anodic dissolution of mild steel and the hydrogen evolution
reaction to varying extents, but it does not cause an appreciable
change on OCP values for a reasonable classification based on
OCP results. This clearly shows that Phen and CoPhen can be
classified as mixed-type corrosion inhibitors. This is in
agreement with the proposal of Li et al. (Ref 8). It, therefore,
suggests that the inhibiting action of the compounds occurred
by simple blocking of the available anodic and cathodic sites on
the metal surface, thus lowering the corrosion rate. The
cathodic inhibitive effect of CoPhen seems more pronounced
than that of Phen. The electrochemical parameters, corrosion
potential Ecorr, and corrosion current density icorr obtained from
the polarization curves are given in Table 2. icorr values were
estimated by extrapolation of the cathodic region to Ecorr. A
similar method has been previously employed for non-Tafel
dependence curves (Ref 24). The data revealed that the
corrosion current density (icorr) decreases with increasing
inhibitors concentration and no definite trend was observed in
the shift of Ecorr values in the presence of the various
concentrations of the inhibitors. The negligible effect of Phen
and CoPhen on Ecorr is an indication that the compounds can be
used as pickling inhibitors (Ref 14, 25). It is clear from the
potentiodynamic experiments that the presence of Phen and
CoPhen in the acid solutions decreases the corrosion rate (i.e.,
icorr decreases) and that CoPhen is a more effective corrosion
inhibitor than Phen. From the values of icorr, the inhibition
efficiency (%g) was determined from the following equation:

%g ¼ 1� icorr
iocorr

� �
� 100; ðEq 1Þ

where icorr and iocorr are inhibited and uninhibited corrosion
current densities, respectively. The values of the calculated
inhibition efficiency are also shown in Table 2 and were
observed to increase with inhibitor concentrations to a maxi-
mum value at a concentration of 100 mg/L of the inhibitors.
This suggests that the inhibitor species are probably adsorbed
on the mild steel/solution interface where the adsorbed spe-
cies mechanically screen the metal surface from the action of
the corrosive medium (Ref 26). Comparing the inhibition effi-
ciencies shows that CoPhen is a more effective inhibitor than
Phen at the studied temperatures.

Fig. 2 Polarization curves for N80 mild steel in 0.1 M H2SO4

solutions in the absence and presence of (a) Phen and (b) CoPhen at
20 �C

Table 2 Polarization parameters for N80 mild steel in 0.1 M H2SO4 solutions in the absence and presence of inhibitors

Temperature, �C Inhibitor Concentration, mg/L 2Ecorr, mV vs. SCE Icorr, mA/cm2 %g

20 �C Phen Blank 494 0.780 …
25 485 0.473 39.4
50 479 0.379 51.4
75 480 0.293 62.4
100 476 0.241 69.1

CoPhen 25 493 0.300 61.6
50 489 0.195 75.0
75 486 0.061 92.2
100 503 0.032 95.9

30 �C Blank 476 2.200 …
Phen 100 468 0.750 56.3
CoPhen 100 507 0.220 90.0

40 �C Blank 469 4.270 …
Phen 100 493 1.910 55.3
CoPhen 100 481 0.955 77.6
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To investigate the effects of temperature on the corrosion
and corrosion inhibition process, further potentiodynamic
polarization curves were taken at inhibitor concentration of
100 mg/L at 30 and 40 �C. The polarization parameters
obtained from the curves and the inhibition efficiency are
given in Table 2. The data in Table 2 reveal that increase in
temperature increases the values of the corrosion current
densities and decreases the inhibition efficiency of the com-
pounds. Such behavior has been interpreted on the basis that an
increase in temperature resulted in the desorption of some
adsorbed inhibitor molecules leading to a decrease in the
inhibition efficiency which is suggestive of a physical adsorp-
tion mechanism. For a chemical adsorption mechanism, the
inhibition efficiency increases with increase in temperature.

The apparent activation energies (Ea) for the corrosion of
N80 mild steel in 0.1 M H2SO4 in the absence and presence of
the inhibitor were calculated from the condensed Arrhenius
equation as follows:

Icorr ¼ A exp
�Ea

RT

� �
; ðEq 2Þ

where Icorr is the corrosion current density, A is the frequency
factor, R is the gas constant, and T is the absolute tempera-
ture. The Ea values can be calculated from the slope of the
lg(Icorr) versus 1/T plots (Fig. 3). The calculated Ea value in
the absence of inhibitor (blank) is 65.02 kJ/mol, and in the
presence of Phen and CoPhen Ea values of 79.06 and
129.78 kJ/mol are obtained, respectively. The increase in the
Ea values in the presence of inhibitor is an indication of a
strong inhibitive action for the studied compounds by increas-
ing the energy barrier (minimum energy for corrosion reac-
tions) for the corrosion process and also emphasizes a
dominant physical nature of the adsorption mechanism
(Ref 27-29) as also suggested by the trend of inhibition effi-
ciencies with temperature.

3.2 Electrochemical Impedance Spectroscopy
Measurements

Measurements were undertaken to assess the impedance
parameters of the mild steel/electrolyte interface in the presence
of different concentrations of Phen and CoPhen. The recorded
EIS spectra (Nyquist plots) for the mild steel in 0.1 M H2SO4

solutions in Fig. 4 represent the results obtained in the absence
and presence of Phen (Fig. 4a) and CoPhen (Fig. 4b) at 20 �C.
The Nyquist plots for the blank tests shown in Fig. 4 are used
as reference for results with inhibitors at various concentrations.
The spectra in the blank solution and in the presence of
inhibitors show a depressed capacitive loop at the higher
frequency range followed by an inductive loop that is observed
in the lower frequency region. The similarity in the profile of
the plots suggests similar metal dissolution mechanism in both
systems. The presence of the high frequency loops have been
attributed to the double-layer capacity in parallel with the
charge-transfer resistance (Rct) (Ref 30) and the inductive loop
to the relaxation process obtained by adsorption species on the
metal surface (Ref 31-35) and/or to the re-dissolution of the
passivated surface at low frequencies (Ref 36). Inspection of
Fig. 4 reveals that increase in concentration of Phen and
CoPhen results in increase in the capacity loop diameter of the
Nyquist plots without affecting their characteristics which is an
indication of the inhibition of the corrosion process. At higher
temperature (30 and 40 �C), the capacity loops for both blank
and inhibited systems are observed to have similar character-
istics but smaller diameters (compared with those at lower
temperature). This indicates that temperature accelerates the
dissolution rate of the metal in the absence and presence of the
inhibitors.

Fig. 3 The relationship between lgIcorr and 1/T

Fig. 4 Nyquist impedance diagram for N80 mild steel in 0.1 M
H2SO4 solutions in the absence and presence of (a) Phen and (b)
CoPhen at 20 �C
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The impedance spectra were analyzed by fitting to the
equivalent circuit model. The intersection of the capacitive loop
with the real axis represents the charge-transfer resistance (Rct)
of the corrosion product films and the solution enclosed
between the working electrode and the reference electrode, Rs

(Ref 35, 37, 38). Rct represents the charge-transfer resistance
whose value is a measure of electron transfer across the surface
and is inversely proportional to corrosion rate (Ref 39). Thus,
the Rct values were calculated from the difference in impedance
at lower and higher frequencies, as suggested by Tsuru et al.
(Ref 40) and the values given in Table 3. It is observed from
Table 3 that Rct increases with increase in the concentration of
the inhibitors. A large Rct value is associated with a slower
corroding system. The characteristic frequencies fmax were
obtained from the semicircle maxima and used to calculate the
associated capacitance (Cdl) from the equation (Ref 41)

Cdl ¼ Yoð2pfmaxÞn�1; ðEq 3Þ

where Yo and n are the CPE constant and exponent, respec-
tively. The value of the double-layer capacitance depends on
many variables including electrode potential, temperature,
ionic concentrations, types of ions, oxide layers, electrode
roughness, impurity adsorption, etc. (Ref 42). Table 3 indi-
cated that by increasing the concentration of Phen and
CoPhen, Cdl values decrease. The decrease in Cdl, which
results from local dielectric constant decrease and/or an
increase in the thickness of the electrical double layer, suggests
that these molecules act by adsorption on the metal/solution
interface (Ref 43).

From the values of Rct, the inhibition efficiency (%g) was
determined from the equation

%g ¼
RctðinhÞ � RctðbÞ

RctðinhÞ

� �
� 100; ðEq 4Þ

where Rct(b) and Rct(inh) are the uninhibited and inhibited
charge-transfer resistance, respectively. The inhibition
efficiency values are observed from Table 3 to increase with
inhibitor concentrations and decrease with temperature. At all
concentrations and temperatures, CoPhen was observed to
perform better than Phen. The order of the inhibition
efficiency is in satisfactory correlation for both electrochemi-
cal methods (Tables 2, 3).

3.3 Adsorption Consideration

Based on the results obtained in this work and the
suggested adsorption mechanism for the inhibition of Phen
and CoPhen on mild steel in 0.1 H2SO4 solutions, attempts
were made to fit the experimentally derived data (for surface
coverage h, where h = g%/100) from the polarization
measurements to some adsorption isotherms. The best fit
was obtained with the Langmuir isotherm (Fig. 5) for Phen
and CoPhen, respectively, suggesting that the experimental
data follow the Langmuir isotherm and confirm the adsorp-
tion of the inhibitors molecules on the metal surface. The
slight deviation of the slope from unity may be attributed to
the interactions between the adsorbed species on the surface
of the metal as well as changes in the adsorption heat with
increasing surface coverage. The Langmuir isotherm may be
formulated as

c

h
¼ cþ 1

k
; ðEq 5Þ

where c is the concentration of the inhibitor and k (deter-
mined from the intercept of the plot in Fig. 5) is the adsorp-
tion coefficient whose values indicate the binding power of
the inhibitor to the steel surface. The calculated values of k
show that CoPhen (with k value of 25,000 M�1) is more effi-
ciently adsorbed on the surface of the metal and thus a better
inhibitor than Phen (with k value of 5000 M�1) which is in
good agreement with the experimentally determined inhibition
efficiency trend. k is related to the standard free energy of
adsorption DGo

ad by the equation

k ¼ 1=55:5 exp
�DGo

ad

RT

� �
; ðEq 6Þ

where R is the universal gas constant, T is the absolute tem-
perature, and the value 55.5 is the concentration of water in
solution in mol/L. The calculated values of DGo

ad are �30.54
and �34.46 kJ/mol for Phen and CoPhen, respectively. The
negative values of DGo

ad indicate a spontaneous adsorption
stable layer of Phen and CoPhen on the surface of the metal
under the experimental conditions. Generally, values of DGo

ad
up to �20 kJ/mol are consistent with physisorption, while
values more negative than �40 kJ/mol involve sharing or

Table 3 EIS parameters for N80 mild steel in 0.1 M H2SO4 solutions in the absence and presence of inhibitors

Temperature, �C Inhibitor Concentration, mg/L Rct, X cm2 Cdl, lF/cm
2 %g

20 �C Blank 23.5 440.0 …
Phen 25 56.2 383.6 58.1

50 70.5 349.0 66.6
75 85.1 247.6 72.3
100 121.7 259.3 80.7

CoPhen 25 60.3 305.4 61.0
50 83.8 193.9 72.0
75 171.7 139.6 86.3
100 292.5 44.4 92.0

30 �C Blank 13.3 690.2 …
Phen 100 38.1 300.8 65.0
CoPhen 100 64.1 291.4 79.2

40 �C Blank 8.9 985.7 …
Phen 100 17.9 576.6 50.2
CoPhen 100 23.6 451.8 62.1
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transfer of electrons from the inhibitor molecules to the metal
surface to form a co-ordinate type of bond (chemisorption)
(Ref 44, 45). The DGo

ad values obtained are more negative
than �20 kJ/mol but greater than �40 kJ/mol. This may also
indicate that the adsorption process under the present experi-
mental conditions involves both physisorption and chemisorp-
tion. However, the trend of inhibition efficiency with
temperature indicates that electrostatic interactions (physisorp-
tion) play a dominant role in the adsorption process. A simi-
lar observation has been reported for N containing
heterocyclics in acid media (Ref 46, 47). Phen and CoPhen
have lone pair of electrons on the nitrogen atoms (for Phen)
and p-electrons in aromatic ring, and the iron has incomplete
d-orbitals, which determines its role as an acceptor of elec-
trons, fulfilling the conditions required for the formation of a
chemisorptive bond. Thus, it is admissible to assume that in
the present experimental conditions chemisorption may be
slow, so that physisorption dominates.

3.4 Morphological Studies

Morphological studies of the mild steel surfaces after 2 h of
immersion in 0.1 M H2SO4 solutions in the absence and
presence of 100 mg/L Phen and CoPhen at room temperature
were carried out using scanning electron microscopy (SEM). In
the uninhibited solution, a rough surface is observed due to acid
corrosion (Fig. 6a). Figure 6(b) and (c) show the SEM
micrographs of the mild steel surface exposed to 0.1 M
H2SO4 solutions containing 100 mg/L Phen and CoPhen,
respectively. The micrographs show a morphology with no pits
and cracks except polishing lines indicating that the corrosion
damage is substantially reduced.

A closer look at the surface of the metals shows a slight
evidence of the presence of the adsorption film. The film
formed on the surface of the metal in the CoPhen-inhibited
system seems comparatively more compact than that formed in
the Phen-inhibited system. This shows that Phen and CoPhen
are adsorbed on the surface of the mild steel and form
protective films that inhibit the corrosion of the steel in 0.1 M
H2SO4 solution, and that CoPhen is a better inhibitor than
Phen.

3.5 Adsorption Mechanism

The effectiveness of the compounds as inhibitors can be
ascribed to the adsorption of the molecules on the metal
surface. Figure 1 gives the molecular structures of the two
tested inhibitors. Both compounds have nitrogen heterocyclic
ring, but the presence of three nitrogen heterocyclic rings in
CoPhen structure may contribute more adsorption sites for the
interaction of the molecule on the mild steel surface making

Fig. 5 Langmuir adsorption isotherm for mild steel in N80 mild
steel in 0.1 M H2SO4 solutions containing Phen and CoPhen at
20 �C

Fig. 6 SEM images for (a) N80 mild steel in 0.1 H2SO4 solutions
in the absence and presence of 100 mg/L, (b) Phen, and (c) CoPhen
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CoPhen a better inhibitor. In addition to the nitrogen hetero-
cyclic ring, there are negatively charged Cl� and positively
charged complex ion in CoPhen. In acidic solution, the metal
surface can be positively charged; CoPhen was more effective
than Phen because the compound can be adsorbed on the mild
steel surface by electrostatic interaction between the negative
charge on the metal surface (as a result of the specific
adsorption of Cl�) and the positive charge on the complex
cation.

4. Conclusions

1,10-Phen and its CoPhen inhibit the corrosion of N80
carbon steel in 0.1 M H2SO4, and the inhibiting properties are
concentration- and temperature-dependent. The presence of Cl�

in CoPhen structure contributes an adsorption site for the
electrostatic interaction of the molecule on the mild steel
surface making CoPhen a better inhibitor. The trends of
inhibition efficiency with temperature as well as values of
kinetic and activation parameters for the corrosion inhibition
processes indicate that the adsorption process under the present
experimental conditions is predominantly physisorption with
minor occurrence of chemisorption. The adsorption of the
compounds obeys Langmuir�s adsorption isotherm.
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