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The effect of purine, as a safe inhibitor, was investigated by measuring the corrosion of Al in 1.0 M deaerated
stirred H3PO4 solution at 25 ◦C. Measurements were conducted under various experimental conditions
using polarization and impedance measurements, complemented with EDX examinations of the electrode
surface. According to these results, purine alone showed a poor inhibition effect. Addition of I− ions
enhanced the inhibition efficiency of purine. The synergistic effect is attributed to enhanced adsorption

−

l
urine
orrosion inhibition

mpedance
ynergism

of purine by the adsorbed I ions. Potentiodynamic polarization studies showed that purine alone and the
mixture of purine and I− ions act as mixed-type inhibitors for the corrosion of Al in 1.0 M H3PO4 solution.
The impedance diagram exhibited three time constants or semi-circles of which the sizes are dependent
on inhibitor concentration and immersion time. The capacitive time constant at high frequencies may be
related to the oxide film itself. The second capacitive time constant at low frequencies can be attributed
to oxide film dissolution. The inductive loop at medium frequencies may be attributed to the relaxation
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. Introduction

The most important feature of aluminium is its corrosion resis-
ance due to the presence of a thin, adherent and protective surface
xide film. Because of this advantage, aluminium and its alloys
re widely used in many industries such as reaction vessels, pipes,
achinery and chemical batteries. Solutions of phosphoric acid are

requently employed for cleaning of Al [1,2] and in commercial pre-
lating anodic oxidation and electro-polishing of Al [3]. Under these
ircumstances, corrosion inhibitors should be used because the sol-
bility of the oxide film increases above and below pH 4–9 [4] range
nd aluminium exhibits uniform attack. Inhibitors are used to pre-
ent metal dissolution and minimise acid consumption. Most of the
fficient acid inhibitors are organic compounds that contain mainly
itrogen, sulphur or oxygen atoms in their structure.

Generally, it has been assumed that the first stage in the mech-

nism of the inhibitors action in aggressive acid media is the
dsorption of the inhibitors onto the metal surface. The processes
f adsorption of inhibitors are influenced by the nature and surface
harge of the metal, the chemical structure of organic inhibitors,

∗ Corresponding author. Tel.: +20 22509331; fax: +20 24836831.
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ates. Inhibition via hydrogen bond formation is also discussed here.
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he distribution of charge in the molecule and the type of aggressive
lectrolyte. The chemisorptions are the principle types of interac-
ion between organic inhibitors and the metal surface [5,6].

Synergistic inhibition is an effective means to improve the
nhibitive force of inhibitor, to decrease the amount of usage and to
iversify the application of inhibitor in acidic media. It is necessary
or corrosion scientists to discover, explore and use synergism in the
omplicated corrosive media. Actually, many investigations con-
erning synergistic inhibition have been carried out and are being
arried out [7–9].

The objective of the present work is to study the inhibitive action
f purine, as a safe-inhibitor, toward the corrosion of Al in 1.0 M
eaerated stirred H3PO4 solution using polarization and impedance
tudies, complemented with EDX examinations of the electrode
urface. It was also the purpose of the present work to investigate
he synergistic inhibition between purine and I− ions on the cor-
osion inhibition of Al in phosphoric acid solutions. Adsorption via
ydrogen bond formation is also discussed here.

. Experimental
The working electrode employed here was made from high-purity Al sheets
for EDX examinations of the electrode surface) and cylindrical rods (for electro-
hemical measurements). For electrochemical measurements, the cylindrical rods
ere welded with Cu-wire for electrical connection and mounted into glass tubes

f appropriate diameter using Araldite to offer an active flat disc shaped surface of

http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:maaismail@yahoo.com
dx.doi.org/10.1016/j.matchemphys.2008.10.057
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Table 1
Electrochemical parameters (jcorr, Ecorr, bc and Rp) associated with polarization mea-
surements of Al in 1.0 M H3PO4 solution without and with different concentrations
of purine at 25 ◦C.

Cpurine ×102

(M)
jcorr × 102

(mA cm−2)
Ecorr (V)
(SCE)

−bc (V dec.−1) Rp (( cm2) %IE

Blank 5.00 −0.897 −0.154 495 –
0.01 4.80 −0.899 −0.155 516 4.04
0.025 4.60 −0.902 −0.153 538 8.07
0.05 4.22 −0.904 −0.154 586 15.60
0.10 3.76 −0.905 −0.156 659 24.88
0.25 3.59 −0.907 −0.155 690 28.25
0
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bout 0.20 cm2 geometric area, to contact the test solution. These rods were first
riefly ground with no. 600 emery paper, subsequently polished with no. 2000
mery paper, washed with deionized water, degreased with absolute ethanol, dried,
nd then rinsed with deionized water rapidly, followed by immediate rinsing with
bsolute ethanol.

A conventional electrochemical cell of capacity 100 ml was used containing three
ompartments for working, platinum spiral counter and reference electrodes. The
eference electrode was a saturated calomel one used directly in contact with the
orking solution. The measurements were carried out in deaerated stirred 1.0 M
3PO4 solutions without and with various concentrations (10−5 to 5 × 10−2 M) of
urine, as a safe corrosion inhibitor, at 25 ◦C.

KI (10−4 M) was also added to purine-H3PO4 containing solutions to study the
ynergistic inhibition between KI and purine. All solutions were freshly prepared
rom analytical grade chemical reagents using doubly distilled water and were used
ithout further purification.

For each run, a freshly prepared solution as well as a cleaned set of electrodes
as used. Each run was carried out in deaerated stirred solutions at the required

emperature (±1 ◦C), using a water thermostat. Electrochemical measurements were
erformed using an Autolab Potentiostat/Galvanostat (PGSTAT30) with FRA2 mod-
le for impedance measurements and a personal computer were used with GPES and
RA (ver. 4.9) software provided by Autolab. The potentiodynamic current–potential
urves were carried out at a scan rate of 0.10 mV s−1 starting from −1.50 up to 1.0 V
SCE). Impedance measurements were carried out using AC signals of amplitude
mV peak to peak at the open circuit potential in the frequency range 100 kHz to
.0 mHz. All impedance data were fitted to appropriate equivalent circuits using the
omputer program EQUIVCRT [10]. Before each polarization and impedance experi-
ent, the open circuit potential of the working electrode was measured as a function

f time during 24 h, the time quite necessary to reach a quasi-stationary value for
he open circuit potential.

. Results and discussion

.1. Polarization measurements

.1.1. Effect of inhibitor concentration
The effect of purine concentration (10−5 to 5 × 10−2 M) on the

otentiodynamic anodic and cathodic polarization curves of Al has
een studied in 1.0 M deaerated stirred H3PO4 solution at a scan rate
f 0.10 mV s−1 at 25 ◦C. Some of the obtained results are depicted
n Fig. 1. No active passive transition was observed and the cur-
ent seems to be constant at high anodic potentials, irrespective of
he absence or presence of the inhibitor. In addition, it is observed

hat the hydrogen evolution reaction is activation controlled since
he cathodic portions rise to Tafel lines. By comparing polarization
urves in the absence (curve 1) and presence of various concentra-
ions of purine (curves 2–8) it is observed that increase in purine

ig. 1. Polarization curves recorded for Al in 1.0 M deaerated stirred H3PO4 solution
ithout and with various concentrations of purine at a scan rate of 0.10 mV s−1

t 25 ◦C. (1) Blank; (2) 10−4 M; (3) 2.5 × 10−4 M; (4) 5 × 10−4 M; (5) 10−3 M; (6)
.5 × 10−3 M; (7) 5.0 × 10−3 M; (8) 10−2 M.
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.50 2.38 0.908 −0.153 1038 52.32
.00 2.25 −0.910 −0.155 1100 55.01

oncentration shifts slightly the corrosion potential (Ecorr) in the
ositive direction and reduces both the anodic and cathodic current
ensities. These results reveal that the presence of purine in H3PO4
olution inhibits both the anodic and cathodic processes (mixed
nhibitor).

Table 1 presents the electrochemical parameters (Ecorr, jcorr, bc,
nd RP) associated with polarization measurements recorded for Al
n 1.0 M H3PO4 solutions without and with various concentrations
f purine. Inhibition efficiency (%IE) values, calculated using Eq. (1),
ere also included in Table 1:

IE = 100 ×
[

(jcorr)o − (jcorr)i

(jcorr)o

]
(1)

here (jcorr)o and (jcorr)i are the corrosion current densities in the
bsence and presence of the inhibitor, respectively. It is obvious
rom this figure that accurate evaluation of corrosion rate (i.e.,
orrosion current density, jcorr) from anodic branches, and there-
ore the anodic Tafel slope (ba), is impossible, simply because the
ecorded experimental anodic polarization curves do not exhibit
inear Tafel regions. This is because the absence of linearity in
nodic branches prevents linear extrapolation to the corrosion
otential, Ecorr. This was the reason why values of ba, calculated
rom the software, were not included in Table 1. However, the
athodic branch, as will be discussed later, is under activation con-
rol and exhibit linearity in accord with Tafel relationship. The
orrosion rate, and therefore the cathodic Tafel slope (bc) may now
e estimated accurately by extrapolating the cathodic linear region
ack to Ecorr.

The shapes of the polarization plots for inhibited electrodes
re not substantially different from those of uninhibited elec-
rodes. The presence of purine decreases the corrosion rate but
oes not change other aspects of the behaviour. This means that
he inhibitor does not alter the electrochemical reactions respon-
ible for corrosion. In addition, the absence of significant changes
n the cathodic Tafel slope in the presence of inhibitor indicates
hat the hydrogen evolution is slowed down by the surface block-
ng effect of the inhibitor. This indicates that the inhibitive action of
urine, may be related to its adsorption and formation of a barrier
lm on the electrode surface. EDX examinations of the electrode
urface carried out for Al under various experimental conditions
onfirmed the existence of an adsorbed film of the inhibitor, see
ection 3.4.

It is well-known that purine is an organic base which protonize
n an acid medium, thus the inhibitor molecule becomes a cation,
xisting in equilibrium with the corresponding molecular form.

ence poor adsorption is expected to occur between protonated
urine molecules and the positively charged electrode surface (see

atter). This may explain why purine, under these conditions, pro-
ides a little inhibition efficiency (≈55%).
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Fig. 2. Polarization curves recorded for Al in 1.0 M deaerated stirred H3PO4 solution
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cies, (ii) an inductive time constant at medium frequencies and (iii)
a second capacitive time constant at low frequencies.

Before the interpretation of the impedance diagrams, it is impor-
tant to make sure whether there was an oxide layer on the electrode
surface. If an oxide layer is present, the measured impedance is
ithout and with various concentrations of purine in presence of 10−4 M KI at a scan
ate of 0.10 mV s−1 at 25 ◦C. (1) Blank; (2) 10−4 M; (3) 2.5 × 10−4 M; (4) 5 × 10−4 M;
5) 10−3 M; (6) 2.5 × 10−3 M; (7) 5.0 × 10−3 M; (8) 10−2 M.

.1.2. Synergestic inhibition between I− ions and protonated
urine molecules

The little inhibition efficiency recorded for purine alone encour-
ged us to study the synergistic inhibition between I− ions and
rotonated purine molecules in order to retard effectively Al cor-
osion under these conditions. For this purpose, 10−4 M I− ions
as been added to purine-H3PO4 containing solutions to study the
olarization response of Al, Fig. 2. Data of Fig. 2 clearly demon-
trate that addition of I− ions to purine-H3PO4 containing solutions
esults in a marked decrease in both anodic and cathodic current
ensities. A very slight shift in Ecorr towards more negative poten-
ials is also observed here. This indicates that purine, in presence
f I− ions, is an effective mixed-type inhibitor for Al corrosion in
hosphoric acid solution. Synergism between I− ions and purine
as therefore proposed. Table 2 lists the electrochemical param-

ters associated with polarization measurements recorded for Al
n 1.0 M H3PO4 solution without and with various concentrations
f purine in presence of 10−4 M KI. It is obvious that the corrosion
urrent densities, and hence the rate of corrosion, of purine alone
Table 1) are significantly decreased upon introducing KI to purine-
3PO4 containing solutions (Table 2). This decrease in the corrosion
urrent densities enhances with an increase in the concentration
f purine. Moreover, the inhibition efficiency of purine alone is

ncreased in presence of KI. These results also confirm the exis-
ence of a strong synergism between purine and KI in the corrosion
nhibition of steel in these solutions.

able 2
lectrochemical parameters (jcorr, Ecorr, bc and Rp) associated with polarization mea-
urements of Al in 1.0 M H3PO4 solution without and with different concentrations
f purine in presence of 10−4 M KI at 25 ◦C.

purine × 102

M)
jcorr × 102

(mA cm−2)
Ecorr (V)
(SCE)

−bc (V dec.−1) Rp (� cm2) %IE

lank 5.00 −0.897 −0.154 495 –
.01 4.65 −0.900 −0.153 532 7.00
.025 4.31 −0.902 −0.155 574 13.80
.05 3.67 −0.903 −0.155 675 26.68
.10 2.87 −0.906 −0.155 862 42.55
.25 2.59 −0.907 −0.153 957 48.30
.50 0.53 −0.909 −0.156 4701 89.47
.00 0.30 0.912 −0.154 8347 94.07

F
H
o
(
1

ig. 3. Complex plane impedance plots recorded for Al in 1.0 M deaerated stirred
3PO4 solution without and with various concentrations of purine at the respective
orrosion potentials at 25 ◦C. (1) Blank; (2) 10−4 M; (3) 2.5 × 10−4 M; (4) 5 × 10−4 M;
5) 10−3 M; (6) 2.5 × 10−3 M; (7) 5.0 × 10−3 M; (8) 10−2 M.

.2. Electrochemical impedance measurements

.2.1. Effect of purine concentration
Fig. 3 represents Nyquist plots recorded for Al in 1.0 M deaerated

tirred H3PO4 solutions without and with various concentrations of
urine at the respective corrosion potentials at 25 ◦C. The synergis-
ic inhibition of I− ions has been also studied, Fig. 4. The shape of the
mpedance diagrams of Al in acidic solution is similar to those found
n literature [11–13]. Here again, the presence of purine increases
he impedance but does not change other aspects of the behaviour.
hese results indicate that almost no change in the corrosion mech-
nism occurred due to the inhibitor addition. The Nyquist plots
resented in Fig. 3 are characterized by three time constants or
emi-circles, namely: (i) a capacitive time constant at high frequen-
ig. 4. Complex plane impedance plots recorded for Al in 1.0 M deaerated stirred
3PO4 solution without and with various concentrations of purine in presence
f 10−4 M K at the respective corrosion potentials at 25 ◦C. (1) Blank; (2) 10−4 M;
3) 2.5 × 10−4 M; (4) 5 × 10−4 M; (5) 10−3 M; (6) 2.5 × 10−3 M; (7) 5.0 × 10−3 M; (8)
0−2 M.
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Table 3
Impedance parameters (Rct.and Cdl) recorded for Al in 1.0 M H3PO4 solution without
and with different concentrations of purine at the respective corrosion potentials at
25 ◦C.

Cpurine × 102 (M) Rct (� cm2) Cdl (�F cm−2) %IE

Blank 480 27.00 –
0.01 500 25.94 3.92
0.025 521 24.89 7.83
0.05 566 22.91 15.13
0
0
0
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IE% = 100 ×
Rct

(4)

where R0
ct and Rct are the charge-transfer resistances for uninhibited

and inhibited solutions, respectively. It is apparent that the inhibi-
tion efficiency increases with increase in inhibitor concentration. It

Table 4
Impedance parameters (Rct.and Cdl) recorded for Al in 1.0 M H3PO4 solution without
and with different concentrations of purine in presence of 10−4 M KI at the respective
corrosion potentials at 25 ◦C.

Cpurine × 102 (M) Rct (� cm2) Cdl (�F cm−2) %IE

Blank 480 27.00 –
0.01 515 25.17 6.76
0.025 555 23.35 13.51
M.A. Amin et al. / Materials Chem

etermined by the metal/oxide interface, the oxide layer itself and
he oxide/electrolyte interface. In our experiments, it is reasonable
o assume that the electrode surface has been covered with an oxide
ayer because of the ex situ pretreatment of the electrode. This is
lso assumed in the literature. An oxide free Al surface is very diffi-
ult to produce. Even after producing such a surface, it repassivates
ery fast [14,15].

The time constant at high frequencies is attributed to the oxide
ayer formation or the oxide layer itself. Brett [11,12,16] assigned
he high frequency time constant to the reactions involved at the
xide layer formation. He suggested that at metal/oxide interface,
l is oxidized to Al+ intermediates. The Al+ intermediates will sub-
equently be oxidized to Al3+ at the oxide/solution interface where
lso O2− or OH− is formed. Simultaneously with the formation of
2−, ions hydrogen ions are formed. This results in a local acidifica-

ion at the oxide/electrolyte interface, resulting in film dissolution.
l+ and O2− ions must be transported through the oxide layer. This

ransport is due to a high electric field strength [17]. Although all
hese processes are present, just one semi-circle (i.e., time constant)
n the Nyquist diagrams is observed. This could either mean that the
ime constants of the individual processes strongly overlap, or that
ne process dominates and, therefore, excludes the other processes
n this frequency range.

As early emphasized, samples in this paper were polished in
ater and after the mechanical polishing, no chemical or electro-

hemical polishing was done. This means that after the polishing,
rotective oxide or hydroxide film should formed before the
IS experiment and this film may not change in this solution.
ccordingly, the other possible explanation for the capacitive time
onstant at high frequencies is the oxide film itself. The oxide film
s considered as a parallel circuit of a resistor due to ionic conduc-
ion in the oxide, and a capacitance due to the dielectric properties
f the oxide. We believe that if oxide film formation or dissolution
f metal or oxide film takes place during EIS measurement, time
onstant should change at each frequency. This time constant or
emi-circle makes an angle approaching 65◦ with the real axis and
ts intersection gives a value of 1.85 � cm−2 for the resistance of
he solution (Rs) enclosed between the working electrode and the
ounter electrode.

The low frequency inductive loop is often attributed to sur-
ace or bulk relaxation of species in the oxide [18]. Adsorbed
harged intermediates may result in an inductive loop [19,20]. This
s more pronounced when the intermediates are strongly adsorbed.
enderink et al. [13] have attributed this loop to the relaxation
f adsorbed species like Hads

+. A possible candidate, suggested by
aland and Heusler [21], is an adsorbed oxygen ion. The point of

ntersection between the inductive loop and the real axis repre-
ents (Rs + Rct) [22]. To obtain Cdl, the frequency (fmax) at which the
maginary component of the impedance is maximal was found and
sed in Eq. (2):

dl = (2�fmaxRct)
−1 (2)

Finally, the time constant at low frequencies can be associated
ith the dissolution of the oxide layer.

Tables 3 and 4 collect, respectively, the impedance parameters,
amely Rct and Cdl, recorded for Al in 1.0 M H3PO4 solution without
nd with various concentrations of purine in the absence and pres-
nce of I− ions at 25 ◦C. As Tables 3 and 4 clearly show, the value
f the charge-transfer resistance, Rct, increases with the inhibitor
oncentration. Rct values are always greater in presence of I− ions.

his result is related to the corrosion protection (inhibiting) effect
f purine molecules, particularly with I− ions. This inhibiting effect,
hich obviously increases in presence of I− ions, of purine is not

nly due to the decrease of the surface area in contact with elec-
rolyte, but also to the slowing down of the charge-transfer process

0
0
0
0
1

.10 633 20.48 24.13

.25 661 19.60 27.40

.50 975 13.30 50.75
.00 1029 12.59 53.36

t the interface. However, the existence of an inductive loop in the
mpedance spectra indicates that the electrode is still dissolved by
he direct charge-transfer at the purine-adsorbed electrode surface.

A tendency towards a decrease in Cdl values is observed
ith increasing purine concentration, and this decrease in Cdl is

nhanced upon addition of I− ions to the corrosive environment
inspect data listed in Tables 3 and 4). These results suggest that
he purine molecules function by adsorption at the metal/solution
nterface, and this adsorption is reinforced by I− ions. Here again,
n agreement with polarization studies, synergism between I− ions
nd purine is confirmed. This decrease in Cdl may be explained on
he basis that the double layer between the charged metal surface
nd the solution is considered as an electrical capacitor. The adsorp-
ion of the inhibitor on the electrode surface decreases its electrical
apacity because they displace the water molecules and other ions
riginally adsorbed on the surface. The decrease in this capacity
ith increase in inhibitor concentration may be attributed to the

ormation of a protective layer on the electrode surface. The thick-
ess of this protective layer increases with increase in inhibitor
oncentration, since more inhibitor molecules adsorb on the elec-
rode surface, resulting in a noticeable decrease in Cdl (inspect the
dl values in Table 3). This trend is in accordance with Helmholtz
odel, given by Eq. (3) [23]:

dl = (ε ε0A)/d (3)

here d is the thickness of the protective layer, ε the dielectric
onstant of the medium, εo the vacuum permittivity and A is the
ffective surface area of the electrode.

The inhibiting effect of purine can also be assessed, assuming
hat jcorr is reciprocally proportional to Rct values. Accordingly, the
IE values were calculated from Eq. (4) under various experimental
onditions and also listed in Table 3:

Rct − R0
ct
.05 650 19.95 26.10

.10 822 15.76 41.62

.25 910 14.24 47.27

.50 3852 3.36 87.54
.00 6038 2.15 92.05
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s worth noting from Tables 1–4 that the inhibition efficiency val-
es obtained from impedance measurements are comparable and
un parallel with those obtained from polarization measurements.

.3. Mechanism of purine adsorption and explanation for
ynergism

.3.1. Surface charge of the electrode surface
It is well-known that terminal oxygen atoms at metal oxide sur-

aces react with water, forming hydroxylated sites, or hydroxide
ayers at the surface (M−OH), that impart a pH-dependent surface
harge. The polar hydroxyl (–OH−) groups may cause the surface
o attract and physically adsorb a single or several additional layers
f polar water molecules. An oxide or hydroxide surface (M−OH)
ecomes charged by reacting with H+ or OH− ions due to surface
mphoteric reactions, Eqs. (5) and (6). At low pH, hydroxide surface
dsorbs protons to produce positively charged surfaces (M−OH2

+).
t high pH they lose protons to produce negatively charged surfaces

M−O−):

−OH + H+ ↔ M−OH2
+ (5)

−OH + OH− ↔ M−O− + H2O (6)

The number of these sites and the surface charge of the oxide
re determined by the pH of the solution. Surface charge influences
dsorption of ions from solution and other interfacial phenomena
24]. The pH of the potential of zero charge (PZC) for aluminium
xides/hydroxides is between 6 and 9, and in acidic solution, the
ccumulation of Al–OH2

+ species accounts for the surface charge
25,26].

In acidic solution, therefore the positively charged surface sites
ill electrostatically attract any anions present in solution, and

epel cations. Hence poor adsorption is expected to occur between
rotonated purine molecules and the positively charged surface
xide film. This may explain why purine, under these conditions,
rovides a little inhibition efficiency (≈55%).

The adsorption of an organic adsorbate on a metal surface
s regarded as a substitutional adsorption process between the
rganic molecule in the aqueous solution (Org(sol)), and water
olecules adsorbed on the metallic surface (H2O(ads)) [27]:

rg(sol) + xH2O(ads) ↔ Org(ads) + xH2O(sol) (7)

where x is the size ratio representing the number of water
olecules replaced by one molecule of organic adsorbate. The

dsorption of organic compounds can be described by two main
ypes of interaction: physical adsorption and chemisorption. In gen-
ral, the proceeding of physical adsorption requires the presence of
oth electrically charged surface of the metal and charged species

n the bulk of the solution. Chemisorption process involves charge
haring or charge-transfer from the inhibitor molecules to the metal
urface to form a coordinate type of a bond. This is possible in case of
positive as well as a negative charge of the surface. The presence
f a transition metal, having vacant, low-energy electron orbital
nd of an inhibitor with molecules having relatively loosely bound
lectrons or heteroatoms with lone pair of electrons is necessary
28,29].

However, the inhibitor under investigation, namely purine is
n organic base which protonize in an acid medium. Thus the
nhibitor molecule becomes a cation, existing in equilibrium with

he corresponding molecular form. This is in accordance with the
istribution diagram for purine species calculated using the data
or acid–base equilibria (pKa1 = 4.25, pKa2 = 9.83) [30]. It has been
hown that protonated cationic species of purine, are the dominant
nhibitor in the range of pH 0–2.

c
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l

t
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Therefore, it was assumed that protonated purine molecules are
dsorbed directly on the positively charged electrode surface via
he delocalized �-electrons of the pyrimidin and imidazole rings
nd the partial negative charges of N-atoms. It is probable that the
dsorbed N-atoms are oriented with the two ring structures par-
llel to the metal surface (due to aromaticity of purine molecule).
he adsorption of purine on the electrode surface makes a barrier
or mass and charge transfers. This situation leads to the protection
f the electrode surface from the acid corrosion. However, it seems
hat this adsorption is not quite sufficient to make an effective cor-
osion inhibition, as the maximum inhibition efficiency recorded
nder these conditions is low (55% at the maximum concentration
f purine used).

In addition to the physical (electrostatic) adsorption, there
hould be chemical adsorption due to the coordinate bonds that
ay be formed, after prolong immersion times, between the lone

lectron pairs of the unprotonated N-atoms and the empty p-orbital
f Al atoms which enhance the attraction between the purine
olecules and electrode surface.
Moreover, there is a great possibility that adsorption may also

ake place via hydrogen bond formation between the N–H link-
ge in purine molecule and the oxygen atoms of the oxidized
urface species. This type of adsorption should be more preva-
ent for protonated N-atoms, because the positive charge on the
-atom is conductive to the formation of hydrogen bonds. Unproto-
ated N-atoms may adsorb by direct chemisorption, as mentioned
reviously, or by hydrogen bonding to a surface oxidized species.
he extent of adsorption by the respective modes depends on the
ature of the metal surface. Adsorption by direct chemisorption,

or unprotonated N-atom, is more probable on an exposed metal
tom. In addition, the unprotonated N-atom can also interact with
xidized metal by hydrogen bonding. Effective inhibition is pre-
ominantly provided by the direct coordination of unprotonated
-atom to metal atoms. As the metal surface is covered by an adher-
nt oxide protective layer, the direct coordination of nitrogen to an
xposed metal atom is a remote event. Protonated and unproto-
ated N-atoms are adsorbed onto the metal through hydrogen bond

ormation.The criteria for inhibitor selection can also be inferred
rom above considerations. A good inhibitor must have strong affin-
ty for the bare metal atoms. The requirement is different in case of
l, a compact passive oxide film is always present on the electrode
urface, where hydrogen bond formation accounts for most of the
nhibition action. An effective inhibitor, is one that forms hydrogen
onds easily with the oxidized surface. Adenine, previously used
s a corrosion-safe inhibitor for copper in chloride solutions [31]
nd steel in acid medium [32], was used alongside purine to verify
he criteria. A comparison of the inhibition performance of ade-
ine and purine (data not shown here) was that adenine is more
ffective corrosion inhibitor than purine itself; similar results were
reviously obtained [32].

These findings could be explained on the basis that the ability
f an amine to provide corrosion inhibition is related to its ten-
ency to form hydrogen bonds with the oxide or hydroxide species
n the metal surface. Such capability should be proportional to
he number of NH linkages in the amine molecules. Adenine has
he highest number of NH bonds (due to the presence of an extra
NH2 group, which is not present in the purine structure) and
herefore the most tendency to form hydrogen bonds with an oxi-
ized surface. These results confirmed the importance of hydrogen
onding in effective corrosion inhibition. However, the extent of

hemisorption as well as adsorption via hydrogen bonding needs
urther study. This study is presently under investigation in this
aboratory.

On the other hand, it is well-known that the protective proper-
ies of a cation type of an inhibitor in any aggressive environment
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an be improved with the addition of halide ions to the solution.
his results in the observation of a synergestic effect in the corro-
ion inhibition [33–36]. For this reason we have also studied the
ynergistic inhibition between purine and iodide ion on the corro-
ion inhibition of Al in phosphoric acid solutions. Iodide ions are
sually characterized by strong adsorbability on the metal surface.

− ions first adsorbed at the oxide/solution interface at the cor-
osion potential through electrostatic attraction force due to the
xcess positive charge at the oxide/solution interface. This process
hanges the charge of the solution side of the interface from pos-
tive to negative. This change in the charge of the solution side
f the interface facilitates physical adsorption of the inhibitor’s
ations. Thus the protonated purine molecules are able to elec-
rostatically adsorb on the electrode surface covered with primary

dsorbed I− ions. It is obvious that I− ions promote the physical
dsorption of purine on the Al surface. Therefore, the Al corro-
ion might be markedly suppressed by purine in the presence
f I− ions.

2
1
s
m

ig. 5. EDX spectra of Al specimens: (a) after 2.0 h of immersion in 1.0 M H3PO4 solution;
fter 2.0 h of immersion in 1.0 M H3PO4 solution containing 0.005 M purine; (d) after 4.0 h
mmersion in (1.0 M H3PO4 + 0.005 M purine) solution containing 10−4 M KI.
nd Physics 114 (2009) 908–914 913

.4. EDX examinations of the electrode surface

The goal of this section was to confirm the results obtained
rom electrochemical measurements that a protective surface film
f inhibitor is formed on the electrode surface. To achieve this
oal, EDX examinations of the electrode surface were performed in
.0 M deaerated stirred H3PO4 solution in the absence and presence
f various concentrations of purine at different immersion times.
ome experiments were carried out in presence of KI to support
he synergism between purine and KI to inhibit the acid corrosion
f Al.

Fig. 5 presents a panorama of EDX survey spectra recorded for Al
xposed for 2.0 and 4.0 h in 1.0 M H3PO4 solution without and with
wo different concentrations, namely 0.001 and 0.005 M purine at

5 ◦C. Some EDX experiments were also performed in presence of
0−4 M KI to see and confirm synergistic effect of I− ions on the
hape of the EDX spectra. For the electrode without inhibitor treat-
ent (Fig. 5a), only aluminium and oxygen were detected, which

(b) after 2.0 h of immersion in 1.0 M H3PO4 solution containing 0.001 M purine; (c)
of immersion in 1.0 M H3PO4 solution containing 0.005 M purine; (e) after 4.0 h of
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ndicated that the passive film contained only Al2O3. However, in
nhibited H3PO4 solutions (Fig. 5b–d), the EDX spectra showed an
dditional line characteristic for the existence of the existence of N.
n addition, the intensity of C signal is enhanced. The appearance of
he N signal and this enhancement in the C signal upon introduc-
ng purine to the corrosive medium is due to the N and C atoms of
he adsorbed purine species. These data show that a carbonaceous

aterial containing N atoms has covered the electrode surface. This
ayer is undoubtedly due to the inhibitor, because of the existence
f N signal and the high contribution of the C signal observed in
resence of purine. The N signal and this high contribution the C
ignal is not present on the electrode surface exposed to uninhib-
ted H3PO4 solutions (see Fig. 5a). In addition, the intensity of the

and C signals increases with increasing purine concentration and
mmersion time (see Fig. 5b–f), since more purine molecules adsorb
n the electrode surface. The intensity of the N and C signals also
ncreases upon introducing KI to purine-H3PO4 containing solu-
ions (compare Fig. 5d with Fig. 5e), since more protonated purine

olecules electrostatically adsorb on the electrode surface already
harged with a negative layer of adsorbed I− ions. These results
onfirm those obtained from electrochemical measurements that
synergism exists between purine and I− ions.

The spectra of Fig. 5b–e show that the aluminium and oxygen
ignals are considerably suppressed relative to the samples pre-
ared in 1.0 M H3PO4 solution, and this suppression increases with

ncreasing purine concentration and immersion time. Introduction
f KI to purine-H3PO4 containing solutions enhances this suppres-
ion (see Fig. 5e). The suppression of the aluminium and oxygen
ignals takes place because of the overlying inhibitor film. These
esults confirm those from polarization measurements which sug-
est that a surface film inhibited the metal dissolution, and hence
etarded the hydrogen evolution and metal dissolution reactions.
he effect of purine (Fig. 1) alone and purine combined with KI
Fig. 2) on the cathodic branch of polarization curves may be
xplained on the basis that the inhibitor surface film acts as a bar-
ier to the diffusion of H3O+ ions from solution to electrode surface
37], which may increase the overpotential of cathodic reduction
f H3O+ ions. This surface film also increases the overpotential of
he anodic dissolution of Al, slowing down the corrosion rate, see
nodic branches presented in Figs. 1 and 2. Therefore, EDX exami-
ations of the electrode surface support the results obtained from
olarization and impedance methods that purine, in presence of I−

ons, is a good inhibitor for Al corrosion in H3PO4 solutions.

. Conclusion

Polarization and impedance measurements together with sur-
ace analysis (EDX examinations of the electrode surface) were
sed to study the corrosion inhibition characteristics of purine, as
safe-inhibitor, for Al corrosion in 1.0 M deaerated stirred H3PO4

olutions. The principle conclusions are

(i) The acid corrosion of Al is moderately reduced upon the addi-
tion of purine.
(ii) Inhibition efficiency increases with increase in purine concen-
tration and immersion time. The inhibition efficiency of purine
is markedly enhanced in presence of KI (synergism).

(iii) A surface film of inhibitor is formed on the electrode surface
via electrostatic adsorption of protonated purine molecules on

[

[
[

and Physics 114 (2009) 908–914

the positively charged Al surface covered with a chemisorbed
layer of negatively charged I− ions.

(iv) EDX observations of the electrode surface showed that a sur-
face film of inhibitor is formed on the electrode surface. This
film retarded the reduction of H+ ions and inhibited metal dis-
solution in phosphoric acid solutions (mixed-type inhibitor).

(v) Physisorption, followed by chemisorption, is proposed as the
mechanism for corrosion inhibition.

(vi) Using adenine, a safe-inhibitor too, alongside with purine con-
firmed the importance of adsorption via hydrogen bonding.

vii) The inhibition efficiencies obtained from polarization mea-
surements are comparable with those obtained from
impedance measurements.

eferences

[1] F.A. Champion, Corrosion Testing Procedures, Wiley, NY, 1964, p. 188.
[2] H.P. Godard, W.B. Jepson, M.R. Bothwell, R.L. Kane, The Corrosion of Light Metals,

Wiley, NY, 1967, p. 52.
[3] M.G. Fontana, R.W. Staehle (Eds.), Advances in Corrosion Science and Technol-

ogy, vol. 1, Plenum, NY, 1970, p. 248.
[4] M. Pourbaix, Atlas of Electrochemical Equilibria in Aqueous Solutions, Perga-

mon Press, New York, 1966.
[5] S.L. Granese, Corrosion 44 (1988) 322.
[6] G. Sehmitt, K. Bedlur, Werkst. Korros. 36 (1985) 273.
[7] Y. Feng, K.S. Siow, W.K. Teo, A.K. Hsieh, Corros. Sci. 41 (1999) 829.
[8] D.Q. Zhang, L.X. Gao, G.D. Zhou, J. Appl. Eectrochem. 33 (2003) 361.
[9] L.B. Tang, G.N. Mu, G.H. Liu, Corros. Sci. 45 (2003) 2251.
10] B.A. Boukamp, Equivalent Circuit, Princeton Applied Research Corporation,

Princeton, NJ, 1990.
11] C.M.A. Brett, Portug, Electrochem. Acta 7 (1989) 123.
12] C.M.A. Brett, J. Appl. Electrochem. 20 (1990) 1000.
13] H.J.W. Lenderink, M.V.D. Linden, J.H.W.D.E. Wit, Electrochim. Acta 38 (1993)

1989.
14] G.T. Burnstein, R.J. Cinderey, Corros. Sci. 32 (1991) 1195.
15] L. Young, Anodic Oxide Films, Academic Press, New York, 1961, pp. 4–9.
16] C.M.A. Brett, Corros. Sci. 33 (1992) 203.
17] D.M. Drazic, S.K. Zecevic, R.T. Atanasoski, A.R. Despic, Electrochim. Acta 28

(1983) 751.
18] S.E. Frers, M.M. Stefenel, C.M. Mayer, T. Chierchie, J. Appl. Electrochem. 20 (1990)

996.
19] A.R. Despic, V.P. Parkhutike, Electrochemistry of aluminium in aqueous solu-

tions and physics of its anodic oxide, in: J.O’.M. Bockris, B.E. Conway, R.M. White
(Eds.), Modern Aspects of Electrochemistry’, vol. 20, Plenum Press, New York,
1989, p. 397.

20] J.R. Macdonald (Ed.), Impedance Spectroscopy, J. Wiley and Son Inc., New York,
1987.

21] Valand, Heusler, J. Electroanal. Chem. 149 (1983) 71.
22] W.J. Lorenz, F. Mansfeld, Corros. Sci. 21 (1981) 647.
23] C. Bataillon, S. Brunet, Electrochim. Acta 39 (1994) 455.
24] G.E. Brown, Chem. Rev. 99 (1999) 77.
25] H. Hohl, M. Stumm, J. Colloid Int. Sci. 55 (1976) 281.
26] R. Wood, D. Fornasiero, J. Ralston, Colloids Surf. 51 (1990) 389.
27] B.B. Damaskin, O.A. Petrii, B. Batraktov, Adsorption of Organic Compounds on

Electrodes, Plenum Press, New York, 1971.
28] A.H. Mehaute, G. Grepy, Solid State Ionics 910 (1989) 17.
29] G. Reinhard, U. Rammet, Proceedings of the 6th European Symposium on Cor-

rosion Inhibitors, Ferrara, 1985, p. 831.
30] A.R. Katritzky, Comprehensive Heterocyclic Chemistry The Structure, Reaction,

Synthesis and Uses of Heterocyclic Compounds, vol. 5, Pergamon Press Ltd.,
London, 1984.

31] M. Scendo, Corros. Sci. 49 (2007) 373.
32] S.S. Abd El-Rahim, O.A. Hazzazzi, M.A. Amin, K.F. Khaled, Corros. Sci. 50 (2008)

2258.
33] I.L. Rosenfeld, Corrosion Inhibitors, Chimica, Moscow, 1977.
34] G. Perboni, G. Rocchim, Proceedings of the 6th Symposium on Corrosion
Inhibitors, Ferrara, 1985, p. 509.
35] S. Zaum, S. Muralidharan, S. Iyer, B. Muralidharan, T. Vasudevan, Br. Corros. J.

33 (1998) 297.
36] N. Hackerman, Corrosion 18 (1962) 9.
37] M. Ishibashi, M. Itoh, H. Nishihara, K. Aramaki, Electrochim. Acta 41 (1996)

241.


	Synergistic effect of I- ions on the corrosion inhibition of Al in 1.0M phosphoric acid solutions by purine
	Introduction
	Experimental
	Results and discussion
	Polarization measurements
	Effect of inhibitor concentration
	Synergestic inhibition between I- ions and protonated purine molecules

	Electrochemical impedance measurements
	Effect of purine concentration

	Mechanism of purine adsorption and explanation for synergism
	Surface charge of the electrode surface

	EDX examinations of the electrode surface

	Conclusion
	References


