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Abstract :

This part is devoted to study the influence of three selected polyacrylic acids (PAAs)
with different molecular weights (PAA1 = 1800, PAA2 = 11000 and PAA3 = 14000
g mol™) on the corrosion inhibition of Al in weskly alkaline solutions (pH 8 and 10)
at 30°C. Measurements were conducted under different experimental conditions using
chemical (weight loss) and eectrochemical (potentiodynamic polarization and
impedance) techniques, complemented with ex situ energy dispersive X-ray (EDX)
examinations of the electrode surface. The results demonstrated that these polymers
inhibit the alkaline corrosion of Al. The inhibition effect of these polymersis due to
their adsorption on Al surface. The isoelectric point (IEP) of aluminium oxide
(pH = 9) seems to be an important factor controlling corrosion inhibition and
adsorption of the three polymers. The three polymers inhibit the corrosion reaction of
auminium excellently at pH 8, but less effectively at pH 10. Polarization
measurements showed that the three polymers act as mixed-type inhibitors. The
inhibition efficiencies of these polymers increase with increasing concentration,
molecular weight and immersion time. Results obtained from the chemical and
electrochemical measurements are in good agreements.
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1. Introduction

One of the most important applications of aluminium and its aloys is found in
aluminium-air technology, firstly developed by Zaromb [1], which was of particular
interest for its application to electric vehicle propulsion [2,3]. Amongst various types
of anode materials, aluminium exhibits a high theoretical energy density (8.10 W.h/g)
combined with a high negative standard potential (-1.676V vs SHE) [4]. Further
arguments for its consideration are its low production cost and the existence of a
large base for manufacture and distribution.

Several attempts were made to develop a generator functioning in saline or
acidic media [5-7], but in such conditions, the kinetics of aluminium dissolution are
reduced by the presence of quite a thick oxide-hydroxide film at the anode surface
[8]. This protective film can only be broken by the presence of chloride ions in the
solution [9,10], or by the action of strong alkaline solutions. Most of the workers
have directed their research towards concentrated alkaline media, which permit
optimal performances of the air cathode [11,12] as well as alow level of aluminium
polarization during normal operation. However, aluminium suffers substantial
corrosion in alkaline solutions, which induce coulombic loss on discharge and fuel
loss during standby. Therefore, for commercial applications of the aluminium-air
battery, it is necessary to add corrosion inhibitors, either to the metal or to the
electrolyte, which are able to increase the overpotential of parasitic hydrogen
evolution without decreasing the oxidation rate of aluminium.

Although sodium hydroxide exhibits a lower intrinsic conductivity than KOH,
it is preferable because the aluminium oxidation product (NaAl(OH),) can be
recycled through the Bayer process, a system available in the aluminium industry.

The relationship between structure dependent adsorption and corrosion
inhibition is well known [13-16]. The corrosion inhibition of a metal involves strong
adsorption of inhibitors to the metal surface by nitrogen, sulfur or oxygen and
subsequent interference with either cathodic or anodic reactions occurring at the

adsorption sites. It is known that polymers are adsorbed stronger than their monomer
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analogs [16], hence it is expected that polymers will be better corrosion inhibitors
than the corresponding monomers. The improved performances of the polymeric
materials are ascribed to their multiple adsorption sites for bonding with the metal
surface. The polymer provides two advantages. a single polymeric chain displaces
many water molecules from the metal surface, thus making the process entropically
favorable and the presence of multiple bonding sites make the desorption of the
polymers a slower process.

Little seems to be published concerning the corrosion inhibition of Al using
polymers [17,18]. For this reason, the objective of the present work is to investigate
the corrosion inhibition of aluminum in weakly akaline solutions, using three
selected polyacrylic acids (supposed to be non-toxic [19,20]) with different molecular
weights, under the influence of various experimental conditions including inhibitor's
concentration, solution pH, and immersion time. Weight loss, potentiodynamic
polarization and EIS measurements were used in this study. Some EDX examinations
of the electrode surface have been carried out.

2. Experimental

The working electrode employed in this work were made of spec pure aluminium
(99.99 % Koch Light Laboratories, Colnbrook Buckes, UK). The electrolytes
investigated were 0.217 M sodium carbonate + 0.821 M sodium hydrogen carbonate
(adjusted to the pH value 10 with aqueous NaOH solution). Bicarbonate buffer (pH
8.0) was prepared using 0.022 M sodium carbonate + 0.821 M sodium hydrogen
carbonate [21]. For weight loss measurements, corrosion inhibition tests were
performed using coupons measuring 1 x 2 x 0.1 cm® prepared from pure aluminium.
The aluminium coupons were polished with emery papers, then degreased with
acetone and washed with distilled water. The coupons were dried and kept in a
desiccator. The weight loss (g cm™®) was determined at different immersion times at
30°C by weighing the cleaned samples before and after hanging the coupon into 50
cm® of the corrosive solution, namely the weakly alkaline solutions (pH 8 and 10), (in

open air) in the absence and presence of various concentrations of the three selected
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polyacrylic acids. After the time elapsed the cleaning procedure consisted of wiping
the coupons with a paper tissue, polishing lightly with emery paper, washing with
distilled water and acetone, followed by oven drying at 110°C.

For electrochemical measurements, the investigated materials were cut as
cylinderical rods, welded with Cu-wire for electrical connection and mounted into
glass tubes of appropriate diameter using Araldite to offer an active flat disc shaped
surface of (0.785 cm?) geometric area, to contact the test solution. Prior to each
experiment, the surface pretreatment of the working electrode was performed by
mechanical polishing (using a polishing machine model POLIMENT |, BUEHLER
POLISHER) of the electrode surface with successive grades of emery papers down to
1200 grit up to a mirror finish. The electrode was then, rinsed with acetone, distilled
water, and finally dipped in the electrolytic cell.

A conventional electrochemical cell of capacity 100 cm® was used containing
three compartments for working, platinum spiral counter and reference electrodes. A
Luggin-Haber capillary was also included in the design. The reference electrode was
a norma calomel one used directly in contact with the working solution. The
experiments were carried out in aerated stagnant buffer solutions (pH 8 and 10)
devoid of and containing various concentrations of the three polymers. All solutions
were prepared from analytical grade chemical reagents using doubly distilled water
and were used without further purification. The potentiodynamic current—potential
curves were recorded by changing the electrode potential automatically from -2.0 to
2.0V at ascan rate of 0.10 mV s™.

EIS measurements were made using AC signals of amplitude 5 mV peak to
peak at the open circuit potential (OCP) in the frequency range 100 kHz to 10 Hz. A
Potentiostat/Galvanostat (EG& G model 273), lock-in amplifier (model 5210) and a
personal computer were used. M352 corrosion software and M398 impedance
software from EG& G Princeton Applied Research were used for the potentiodynamic
polarization measurements and the EIS measurements, respectively. EDX analysis

were performed with Traktor TN-2000 energy dispersive spectrometer. Prior to

20

PDF createlf Wt PHSBHACPATEAEION B ATV SToh At A R tACHSTy Kb 7) 4752007



http://www.pdffactory.com

On the corrosion inhibition of auminium in weakly alkaline solutions Omar Hazzazi

analysis, the Al specimens were kept immersed in bicarbonate buffer solution (pH 8)
for 12 and 24 hours in the absence and presence of 2.0 x 10° M of the three
polymers. Finally, the specimens were washed thoroughly and submitted to 5 min of
ultrasonic cleaning in order to remove loosely adsorbed ions.

3. Results and discussion

3.1. Weight loss measurements

3.1.1. Effect of inhibitor concentration

The variation of the weight loss (g cm™) of Al in bicarbonate buffer solution (pH 8)
with and without the addition of different concentrations (2.0x10® — 20.0x10° M) of
PAA1 with the immersion time has been studied at 30°C; a part of the results is
shown in Fig. 1. Similar results were obtained for the other two polymers, namely
PAA2 and PAA3. The weight loss of Al in bicarbonate buffer solution (pH 8)
containing 1.0x107 M of the three polymers was determined as a function of the
immersion time; the results are depicted in Fig. 2.

In agueous alkaline media, Al reacts by the evolution of hydrogen. The
evolution of hydrogen during this corrosion reaction may lead to serious pressure
problems in industry. Detailed studies about these problems have been presented
elesewhere [22,23]. Visua observations showed that the hydrogen evolution
decreases (i.e., the corrosion-inhibiting effect increases) upon the addition of the
three polymers. This could be seen from the weight loss decrease with increasing the
concentration of each of these polymers (see Figs. 1 and 2). Thus, the corrosion rate
of Al decreased with the increase of the polymer concentration. This trend may result
from the fact that adsorption amount and the coverage of the polymer on the
electrode surface increases with increasing concentration. Thus, the electrode surface
is efficiently separated from the medium.

The corrosion process of Al in alkaline solution could be explained on the basis
that the surface of Al is covered by passive film. When immersed in akaline
solutions, the outer surface of the film will dissolve, on the other hand, Al atomsin

substrate will diffuse toward surface, or oxygen toward substrate, and combine to
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form passive film [24]. In some areas, the passive film is not very dense due to
structural defects and isrelatively more soluble, where its dissolution is faster than its
formation. In these areas, dissolution of Al atoms and gradual removal of these atoms
through the formation of hydroxide with increased coordination number from 1 to 3
to form indepedent molecular species of Al(OH); (see equations 1-3) takes place.
Al(OH); species react in a pure chemica manner to form a soluble aluminate ion,
Al(OH)4 that goes in solution leaving a bare surface site (ss) ready for another
dissolution process (equation 4) [25,26] Compared with the reduction of water, the
reduction of oxygen can be neglected [24]. The corrosion process of Al in akaline

solution is usually considered as [26-28]:

Alsg + OH = Al(OH)4s + € (1)
Al(OH)ys + OH™ = Al(OH);,20s + € (2)
Al(OH);,a0s + OH = AI(OH)3,a05 + € (3)
Al(OH)z,50s + OH = AI(OH)4 + ss 4
ss+H,O+e =H+OH" (5)
H+H,O+e =H,+OH +ss (6)

As H, evolves (equation 6), the local pH on bare surface site increases. This
accelerates the corrosion reaction on them, and makes it easier for the passive filmto
be damaged.

The inhibition efficiencies (IE%) of the additives (Table 1) are calculated from
the total weight loss by the following equation:

IE% =[1 - (WL / WL®)] x 100 (7)

where WL® and WL are the weight losses of speciemens without and with the
inhibitor. It follows from the data of Table 1 that the three PAA s inhibit the alkaline
corrosion of Al to an extent depending on their concentration and molecular weight.
The IE% of the three polymers decrease in the order: PAA3 > PAA2 > PAAL. Indll
cases, increasing the additives concentration is accompanied by an increase in the

inhibition efficiency.
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3.1.2. Effect of solution pH

Figure 3 illustrates the variation of the weight loss (g cm™) of Al in bicarbonate
buffer solution (pH 10) with and without the addition of different concentrations
(2.0x10° — 20.0x10° M) of PAA1 with the immersion at 30°C. Similar results were
obtained for PAA2 and PAA3. The inhibition efficiencies were determined at
different concentrations of the three polymers at pH 10 and at 30°C; the results
obtained are listed in Table 2. The data presented in Tables 1 and 2 obviously show
that, the inhibition efficiency values of the three polymers determined at pH 8 are
greater than those obtained at pH = 10. This means that the three polymers inhibit the
aluminium corrosion more effectively at pH 8 than at pH 10.

These results could be explained with the isoelectric point (IEP) of aluminium
oxide. It has been pointed out that in aqueous alkaline solutions, aluminiumis always
covered with aluminium oxide (or hydrated oxide) [21,29]. Since the IEP of
aluminium oxideis at about pH = 9 [30], hence at pH = 8 (below the |EP) the surface
Is positively charged, whereas it is negatively charged at pH 10 (above the IEP).
Aliphatic carboxylic acids (e.g. PAA) have pKa values < 5 [30] and can be
considered as dissociated to anions both at pH 8 and 10. So, at pH 8 (below the IEP)
there should be an electrostatic attraction between the positively charged aluminium
oxide surface and the negatively charged PAA (i.e., high IE%). On the other hand at
pH 10 (above the IEP), both the aluminium oxide surface and the PAA are negatively
charged, resulting in an electrostatic repulsion (i.e., low |E%).

It is well known that the improved performances of the polymeric materials as
corrosion inhibitors are ascribed to their multiple adsorption sites for bonding with
the metal surface [16]. These adsorption sites (negatively charged PAA) increase
with increasing molecular weight of the polymer, and therefore, many water
molecules will be displaced from the metal surface, thus making the process
entropically favorable (i.e., high 1E%), and this explains why the IE% increases with
increasing molecular weight of the polymer following the sequence: PAA3 > PAA2 >
PAAL

23

PDF createlf Wt PHSBHACPATEAEION B ATV SToh At A R tACHSTy Kb 7) 4752007



http://www.pdffactory.com

On the corrosion inhibition of auminium in weakly alkaline solutions Omar Hazzazi

3.2. Polarization measurements
Effect of inhibitor concentration
Figure 4 shows the effect of PAA1 concentration on the potentiodynamic anodic and
cathodic polarization characteristics of Al in bicarbonate buffer solution (pH 8) at a
scan rate of 0.10 mV s and at 30°C. Similar results were obtained for PAA2 and
PAA3. The potentiodynamic anodic and cathodic polarization curves of Al in
bicarbonate buffer solution (pH = 8) containing 1.0x10" M of the three inhibitors at
30°C are presented in Fig. 5. The data clearly show that, the addition of the three
polymers shifts the corrosion potential (Eco) Slightly in the positive direction and
reduces both the anodic and cathodic current densities. The anodic current was
however, reduced, more significantly than the cathodic current. These resultsindicate
that these polymers act as mixed-type inhibitors. This means that the three inhibitors
have significant effects on retarding the cathodic hydrogen evolution reaction and
inhibiting the anodic dissolution of aluminium.

The cathodic reaction which occurs when Al corrodes in weakly akaline
solutions has been investigated by Burstein and Liu [31]. Under the conditions used
by Burstein and Liu, the cathodic reaction is primary the reduction of water to

hydrogen according to the following reaction:

€ +H,O=0H + 1/2H2 (8)
The overall anodic reaction in the corrosion of Al in weakly alkaline solutionsis :
Al + 40H = AI(OH), + 3e 9

The electrochemical parameters (jeor, Ecor, be @nd b, and R;) associated with
polarization measurements of the three polymers at different concentrations were
simultaneously determined and listed in Table 3. According to the data of Table 3, it
is obvious that the slopes of the anodic (b,) and cathodic (b,) Tafel lines remain
amost constant upon the addition of each of these polymers. These results indicate
that, these inhibitors act by simple blocking the available surface area for both anodic

and cathodic processes. In other words, the inhibitors decrease the surface area for
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corrosion without affecting the mechanism of corrosion and only causes inactivation
of apart of the surface with respect to the corrosive medium.

The inhibition efficiencies at different concentrations of the three inhibitors are
calculated at pH = 8 and pH =10 and listed in Tables 1 and 2, respectively, using the
following equation:

P% =100 x [1 - [(UR,) / (L/R,)°]] (10)
where R,° and R,, are the el ectrode polarization resistances without and with inhibitor,
respectively. Data of Tables 1 and 2 clearly show that in all cases, the inhibition
efficiency increases with increasing additive concentration. Comparing the values of
|E% of the three polymers at the same conditions (Tables 1 and 2), we find again that
it decreasesin the order: PAA3 > PAA2 > PAAL
3.3. Impedance measurements
3.3.1. Effect of inhibitor concentration
Impedance measurements have been carried out for Al in the buffer solutions
(pH = 8 and pH = 10) in the absence and presence of the three polymers at the open
circuit potential (OCP) under the influence of different experimental variables.

Figure 6 illustrates the influence of PAAL concentration on the impedance
response of Al in bicarbonate buffer solution (pH = 8) at OCP and at 30°C. Similar
results were obtained for PAA2 and PAA3. The Nyquest plots of Al in bicarbonate
buffer solution (pH 8) containing the same concentration (1.05x10°" M) of the three
inhibitors at OCP and at 30°C are presented in Fig. 7. The data reveal that, each
impedance diagram consists of a large capacitive loop at high frequencies (HF), a
small inductive one a medium frequencies (MF) followed by a second capacitive
loop at low frequency values (LF). The HF capacitive loop could be assigned to the
relaxation process in the aluminium oxide (or hydrated oxide) film presents on the
aluminium surface and its dielectric properties [32,33]. Namely, the oxide film is
considered to be a parallel circuit of aresistor due to the ionic conduction in the oxide

film, and a capacitor due to its dielectric properties [33]. The electrode impedance in
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this case was determined by the metal/oxide interface, the oxide film, and the
oxide/solution interface.

The HF capacitive loop makes an angle about 70° with the real axis and its
intersection gives avalue of (1.5 ohm.cm?) for the resistance of the solution enclosed
between the working electrode and the counter electrode (Rs). The inductive loop
observed at MF may be attributed to the relaxation process in oxide presents on the
electrode surface obtained by adsorbed species as OH s [24]. The point of
intersection between the inductive loop and the real axis represents (Rs + R,), where
R, is the polarization resistance, which is defined as the dc limit of the impedance
[34]. The second capacitive loop observed at LF vaues could be assigned to the
metal dissolution. It is worthy noting that, the presence of these inhibitors does not
ater the profile of the impedance spectra, suggesting similar mechanisms for the
metal dissolution in the weakly alkaline solutions in the absence and presence of the
inhibitor.

The numerical values of the polarization resistance (R,) and the double layer
capacitance (Cy;) were determined by analysis of the complex plane impedance plots
and the equivalent circuit model by means of a computer program. Table 4 presents
the values of R, and Cy recorded for Al in bicarbonate buffer solution (pH 8) in the
absence and presence of various concentrations of the three inhibitors at OCP and at
30°C.

It is obvious that in all cases, R, values increase, while those of Cg, decrease
with an increase in inhibitor concentration. The decrease in Cy values is due to the
adsorption of the inhibitor on the electrode surface [35].

It is found that the values of Rp decrease, while those of Cy; increase in the
order: PAA3 > PAA2 > PAAL. These results confirm the results obtained from
weight loss and polarization measurements that the inhibition efficiencies of the three
polymers decrease in the same sequence.

The obtained R, values were used to calculate the IE% of the three polymers at
different concentrations (see Tables 1 and 2), using equation 10. It is apparent from
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the data of Tables 1 and 2 that the inhibition efficiencies of the three polymers
obtained from chemical and electrochemical methods are in good agreements.

3.3.2. Effect of theimmersion time

Electrochemical impedance spectroscopy is a useful technique for long time tests,
because they do not significantly disturb the system and it is possible to follow it
overtime [36]. Immersion time experiments in the present work were carried out in
bicarbonate buffer solution (pH = 8) containing 1.0x10™" M of the three polymers for
360 min and Nyquist plots were recorded every 5 min during the initial 30 min, and
then every 30 min afterward. The results obtained (not shown here) showed that the
immersion time has a great influence on the size and shape of the impedance spectra,
and therefore the inhibition efficiency of the three polymers. The capacitive loop was
found to increase in size with the increase of immersion time, reaching a maximum in
100 min and remained fairly constant afterward.

More details are shown in Fig. 8, which represents the variation of both Rp and
Cq) with the immersion time recorded for PAA1 (as a representative example);
similar results were obtained for PAA2 and PAAS3. It is obvious that the R, values
increased sharply from 0.52 to 7.35 kW cm? during the initial 25 min and remained
fairly constant afterward. At the same time, the capacitance values were reduced
drastically from 8.40 to 0.60 pF/cm? after 25 min and remained fairly constant
afterward. This means that the formation of the inhibitor surface film, and therefore
the inhibitor adsorption, on the electrode surface was fast and completed within 25
min.

These results demonstrate that the inhibition efficiency increases with
increasing immersion time. This is consistent with the synergistic effect of polymer
films (due to adsorption) and aluminium corrosion products to increase the protective
power of the passive layer [23]. It is possible that with increasing immersion time and
concentration, a compact adsorbed film of the inhibitor is formed on the aluminium
surface, since more PAA anions will electrostatically adsorb on the auminium

surface. The formation of such adsorbed film is confirmed by EDX examinations of
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the electrode surface (see section 3.4). Competitive adsorption is assumed to occur on
the aluminium surface between the aggressive OH™ ions and the anions of the
inhibitor molecules [37].

3.4. EDX examinations of the electrode surface

EDX survey spectra were used to determine which elements were present on the Al
surface before and after exposure to the inhibitor solution. After aluminium has been
immersed in bicarbonate buffer solution (pH 8) in the absence and presence of
2.0x107 M of the three polymers for 12 and 24 h, its surface film composition was
determined by EDX. The results are displayed in Fig. 9. For the eectrode without
inhibitor treatment (Fig. 9a), only aluminium and oxygen were detected, with aratio
of about 2:3, which indicated that the passive film contained only Al,O3. However, in
inhibited buffer solutions (Figs. 9b-g), the EDX spectra showed an additiona line
characteristic for the existence of C (due to the carbon atoms of the PAA). In
addition, the O signal is significantly enhanced (due to the oxygen atoms present in
the PAA). These data show that a carbonaceous material containing oxygen atoms
has covered the electrode surface. This layer is undoubtedly due to the inhibitor,
because the carbon signal and the high contribution of the oxygen signal are not
present on the electrode surface exposed to uninhibited buffer solutions (see Fig. 9a).
In addition, the intensity of the carbon and oxygen signals increases with the
immersion time (see Figs. 9b-g), since more PAA anions will electrostatically adsorb
on the aluminium surface.

It is obvious from the spectra of Figs. 9b-g that the Al peaks are dramatically
suppressed relative to the samples prepared in the buffer solution, and this
suppression increases with the immersion time. The suppression of the Al lines
undoubtedly occurs because of the overlying inhibitor film. These results confirm the
results obtained from polarization measurements that the inhibitor surface film
retarded the cathodic hydrogen evolution reaction and inhibited the anodic
dissolution of aluminium. It is possible that the inhibitor surface film acted as a

barrier to the diffusion of H" ions from solution to electrode surface, which may
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increase the overpotential of the cathodic hydrogen evolution reaction, as shown in

Fig.4. This surface film also increased the polarization resistance of anodic

dissolution of aluminium (see Fig. 6), slowing down the corrosion rate of aluminium

in solution.

Figures 9b, d and f clearly demonstrate that the contribution of the carbon and
oxygen signals and the suppression of the Al lines increase in the order: PAAL <
PAA2 < PAAS. These results support the results obtained from chemical and
electrochemical measurements that the inhibition efficiencies of the three polymers
increase in the same sequence.

4. Conclusion:

Chemical and electrochemical studies of the corrosion inhibition process of Al in

weakly alkaline solutions using three selected polyacrylic acids as corrosion

inhibitors showed that:

()  Addition of the three polymers to the alkaline solution inhibits the
corrosion of Al. The inhibition is due to the adsorption of these
compounds on the surface of Al.

(i)  Polarization measurements showed that the three polymers function as a
mixed-type inhibitor.

(iii) Impedance measurements recorded for Al in the weakly akaline
solutions in the absence and presence of the three inhibitors showed that
the Nyquist diagrams consisted of a large capacitive loop a high
frequencies (HF), a small inductive one at medium frequencies (MF)
followed by a second capacitive loop at low frequency values (LF).

(iv) The inhibition efficiencies of these polymers increase with increasing
their concentration, molecular weight and immersion time.

(v) Theinhibition efficiencies of the three inhibitors obtained from weight
loss, potentiodynamic polarization and impedance methods are in good

agreements.
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Figure Captions

Fig. 1- Variation of the weight loss (in mg cm®) of Al in bicarbonate buffer solution
(pH = 8) with and without the addition of different concentrations
(6.0x10° —16.0x10° M) of PAA1 with theimmersion time at 30°C.

Fig. 2- Variation of the weight loss of Al in bicarbonate buffer solution (pH = 8)
containing the same concentration (1.0x10° M) of the three inhibitors with
the immersion time at 30°C.

Fig. 3- Variation of the weight loss (in mg cm®) of Al in bicarbonate buffer solution
(pH =10) with and without the addition of different concentrations (6.0x10°® —
16.0x10° M) of PAA1 with theimmersion time at 30°C.

Fig. 4- Potentiodynamic anodic and cathodic polarization curves of Al in bicarbonate
buffer solution (pH 8) in the absence and presence of various concentrations of
PAA1 at ascan rate of 0.10 mVs® and at 30°C.
(1) blank; (2) 6.0x 10° M: (3) 8.0x10° M; (4) 10.0 x 10° M;
(5) 12.0 x 10° M (6) 14.0 x 10° M; (7) 16.0x 10° M;
(7) 18.0x 10° M; (8) 20.0 x 10° M.

Fig. 5- Potentiodynamic anodic and cathodic polarization curves of Al in bicarbonate
buffer solution (pH = 8) containing the same concentration (1.0x10” M) of the
three inhibitors at a scan rate of 0.10 mVs™ and at 30°C.

Fig. 6- Nyquist plots recorded for Al in bicarbonate buffer solution (pH 8) in the
absence and presence of various concentrations of PAA1 at the OCP and at
30°C.

Fig. 7-The Nyquest plots of Al in bicarbonate buffer solution (pH 8) containing the
same concentration (1.0x10” M) of the three inhibitors at OCP and at 30°C.

Fig. 8- The dependence of both Rp and Cy on on the immersion time for Al in
bicarbonate buffer solution (pH = 8) containing 1.0x10° M PAA1 at the
OCP and at 30°C.

Fig. 9- EDX spectrarecorded for Al specimensimmersed in bicarbonate buffer

solution (pH 8) for 12 and 24 h in the absence and presence of 2.0 x 10° M
of the three polymers at 30°C.
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List of Tables:

Table (1): Vauesof IE% for Al in bicarbonate buffer solution (pH 8) containing
various concentrations of the three inhibitors at 30°C (weight loss,

polarization and impedance measurements).

(Cx10°%) / |E %
M (pH =8)
Weight loss Polarization Impedance

PAAl1 | PAA2 | PAA3 | PAALl | PAA2 | PAA3 | PAAl1 | PAA2 | PAA3
20 3.89 442 5.01 3.93 4.47 5.05 3.85 4.38 4.96
40 6.08 6.90 7.83 6.14 6.98 7.89| 6.012 6.83 7.75
6.0 11.75 13.34 15.14 11.87 13.49 15.26 11.63 13.21 14.99
8.0 2099 | 34.04 | 38.63 3029 | 3441| 3894| 29.69| 33.70| 38.24
10.0 4455 | 5056 | 57.39 4500| 5112| 57.85| 44.10| 50.05| 56.82
12.0 56.70 | 64.35 | 73.04 5727 6506| 7362 56.13| 6371 7231
14.0 66.42 | 75.39 | 8556 6708 76.22| 8624 6576| 7464 84.70
16.0 73.71 | 83.66 | 94.96 7445 | 8458 | 9572 7297| 8282 94.01
18.0 7530 | 8547 | 97.00 76.05| 86.41| 97.78| 7455| 84.62| 96.03
20.0 76.00 | 86.26 | 97.91 76.76 | 8721 | 9869| 7524| 8540| 96.93
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Table (2): Vaues of IE% for Al in bicarbonate buffer solution (pH 10) containing
various concentrations of the three inhibitors at 30°C (weight loss,
polarization and impedance measurements).

(Cx10%) / IE %
M (pH = 10)
Weight loss Polarization Impedance

PAAl1 | PAA2 | PAA3 | PAALl | PAA2 | PAA3 | PAAl1l | PAA2 | PAA3
20 2.33 2.76 3.23 2.36 2.79 3.29 2.29 2.71 3.19
4.0 3.65 431 5.09 3.69 4.36 5.15 3.58 4.23 4.99
6.0 7.05 8.34 9.84 7.13 8.43 9.95 6.91 8.17 9.64
8.0 1799 | 21.28 | 25115 | 1819 | 2151 | 2539 | 1763 | 2085 | 2461

10.0 26.73 | 3160 | 37.30 | 27.02 | 3195 | 37.71 | 26.20 | 30.97 | 36.56

12.0 34.02 | 40.22 | 4748 | 3439 | 4066 | 48.00 | 33.34 | 3941 | 46.53

14.0 39.85 | 47.12 | 55.61 | 40.29 | 4764 | 56.23 | 39.05 | 46.18 | 54.50

16.0 4423 | 5229 | 61.72 | 44.71 | 52.86 | 6240 | 4334 | 51.24 | 60.49

18.0 4518 | 5342 | 63.05 | 4568 | 54.00 | 63.74 | 4428 | 5235 | 61.79

20.0 4560 | 5391 | 63.64 | 46.10 | 5451 | 6434 | 4469 | 52.83 | 6237
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Table (3): The electrochemical parameters (jcor., Ecorr., be @d b, and R,) associated

with polarization measurements for Al in bicarbonate buffer solution (pH
8) in the absence and presence of different concentrations of the three

inhibitors at 30°C.
(Cx10°) Ecorr./ V (SCE) jcorr. / MA. cm™
/M

PAAL PAA2 PAA3 PAA1 PAA2 PAA3
0.0 -1.615 -1.615 -1.615 2.00 2.00 2.00
2.0 -1.614 -1.609 -1.604 1.92 1.91 1.90
4.0 -1.611 -1.605 -1.598 1.88 1.86 1.84
6.0 -1.608 -1.600 -1.592 1.77 1.73 1.70
8.0 -1.605 -1.595 -1.585 1.40 1.32 1.23
10.0 -1.601 -1.590 -1.579 1.11 0.99 0.85
12.0 -1.598 -1.585 -1.572 0.87 0.71 0.54
14.0 -1.595 -1.581 -1.566 0.67 0.49 0.29
16.0 -1.592 -1.575 -1.562 0.53 0.33 0.07
18.0 -1.590 -1.572 -1.560 0.49 0.29 0.06
20.0 -1.585 -1.570 -1.557 0.48 0.27 0.04

Table (3): (continued):

(Cx10°) b,/ mV dec.” - b/ mV dec.” Rp/ Wcm?
/M

PAAL | PAA2 PAA3 | PAA1 | PAA2 | PAA3 | PAAL | PAA2 | PAA3
0.0 51 51 51 26 26 26 300 300 300
2.0 50 49 52 25 24 25 312 314 316
4.0 49 50 49 24 25 24 319 322 325
6.0 50 51 50 25 24 24 340 346 354
8.0 51 48 49 24 23 23 429 455 489
10.0 52 49 51 24 26 24 541 607 704
12.0 48 51 49 23 27 25 693 842 1113
14.0 47 49 48 22 26 22 894 1219 | 2078
16.0 50 51 49 23 25 23 1141 | 1836 | 10399
18.0 51 49 49 24 25 24 1215 | 2064 | 10011
20.0 49 50 52 25 24 25 1250 | 2183 | 14320
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Table (4): Numerical values of R, and Cy for Al in bicarbonate buffer solution (pH

8) in the absence and presence of various concentrations of the three

inhibitors at OCP and at 30°C.
(C x 10% / Rp / ohm cm? Caq / pF cm™
M
PAAl PAA2 PAA3 PAAl PAA2

Blank 290.00 290.00 290.00 15.00 15.00 15.00
2.0 301.61 303.28 305.13 14.42 14.34 14.26
4.0 308.55 311.26 314.36 14.10 13.98 13.84
6.0 328.17 334.14 341.14 13.26 13.02 12.75
8.0 412.46 437.41 469.56 10.55 9.95 9.26
10.0 518.78 580.58 671.61 8.39 7.49 6.48
12.0 661.04 799.12 1047.31 6.58 5.44 4.15
14.0 846.96 1143.53 1895.43 514 3.80 2.30
16.0 1072.88 1688.01 4841.40 4.05 2.58 0.90
18.0 1139.49 1885.57 7304.79 3.82 2.31 0.60
20.0 1171.24 1986.30 9446.25 3.71 2.19 0.46
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Figure9

2400 . . . .
@ Al
2000 4 bl_ank solution:
(bicarbonate buffer pH 8) B
immersion time=12h
1600 -
O -
2 1200
=
>
o i
O 800
400 4 B
0
T T T T T T T T T
00 02 04 06 08 10 12 14 16 18 20
Energy / keV
10000 b T T T T T T T T
(b) c 120004 (€)
8000 - blank solution containing i 10000 4 blank solution containing i
2.0x10° M PAAL 2.0x10° M PAAL
immersion time=12h immersion time =24 h
6000 8000 |
%] "
= < 6000
S 4000+ 5
5} (¢] 4 2 o 4
O O 4000
2000 Al
i 2000 i
Al
0 0
T T T T T T T T T T T T T T T T T T
00 02 04 06 08 10 12 14 16 18 20 00 02 04 06 08 10 12 14 16 18 20
Energy / keV Energy / keV
12000 T T T T T T T T
@ c ) o 160004 (€) ¢
10000 blank solution containing
2.0x10° M PAA2 | 14000 1 blank solution containing 4
immersion time =12 h 12000 2.0x10° M PAA2
8000 - ; SN fime —
immersion time =24 h
i 10000 - i
» 6000 0
§ g 8000 |
Q i (0] - o i (e] B
§ 4000 g 6000
4000 -
2000 -
Al 7 2000 - )
Al
0 0
T T T T T T T T T T T T T T T T T T
00 02 04 06 08 10 12 14 16 18 20 00 02 04 06 08 10 12 14 16 18 20
Energy / keV Energy / keV

41

PDF created With EiHBMAT oI IS BrE AT VSt oh Rttp AR Ba i d G ) kb O - 1478-2007



http://www.pdffactory.com

On the corrosion inhibition of auminium in weakly alkaline solutions Omar Hazzazi

Figure 9 (continued)
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