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ARTICLEINFO ABSTRACT
Keywords:

Eco-friendly organic compounds have attracted attention to be examined as corrosion inhibitors to control metallic
corrosion process of pure metals and metal alloys in different media. Polymers are one of the well-known materials, which
are used to inhibit metallic corrosion. The inhibition effect poly(N-vinylpyrrolidone) (PVP), poly(acrylamide) (PAM) and
their blends on the corrosion behavior of magnesium alloy (Mg-10Al) in an aqueous acidic sulphate aerated unstirred
solutions. Electrochemical impedance spectroscopy (EIS), potentiodynamic polarization and quantum calculations
methods were used to investigate the corrosion behavior over a range of temperatures and concentrations. The data
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obtained from the potentiodynamic polarization method indicated that the used polymeric additives behave as a mixed-
type inhibitor. The results showed that the dominant process in controlling the corrosion of the tested alloy was a charge
transfer process. The corrosion inhibition efficiency was found to be 81.6% and 83% for PAM and PVP, respectively. The
results showed that the adsorption of PVP and PAM on the alloy surface was found to comply with the Langmuir
adsorption isotherm. A proposed mechanism was suggested to explain the inhibition action of the used polymers. Also the
surface morphology was examined using atomic force microscopy AFM.

1. Introduction

In the last years the search for renewable sources of readily available materials that replaces inorganic and organic metal corrosion inhibitors Cls
have continued to get more attention from scientists. Eco-friendly substances “green inhibitors” were recently tested as corrosion inhibitors because
of their low-cost and are ecologically friendly, Polymers are one of well-known substances that have been used for this purpose [1-5]. Adding to the
previous requirements of corrosion inhibitors, polymers were principally used due to the variety of the multiple adsorption centers in their structures
and their inherent stability as well [6].

The effect of using poly (N-vinylpyrrolidone) (PVP) as corrosion inhibitor on carbon steel in an aerated alkaline corrosion medium was investigated
by Al Fuhaiman etal. [7, 8]. The effect of potassium iodide and virgin Saudi clay (UC) on the effectiveness of PVP inhibition. was also tested. The outcomes
of corroding solutions containing 1000 ppm PVP showed that the inhibition efficiencies ranged from 23-66% and 66-78% for the electrochemical
measurements and the weight loss results respectively. The EIS measurements showed that there was a protective layer was formed as a result of PVP's
adsorption.

The effectiveness of Polyacrylamide (PAM) in preventing corrosion of carbon steel in the presence and absence of Zn2?* was evaluated using the
weight loss technique [9]. It was concluded that the protection efficiency was found to be 98%. The current work aims to investigate the inhibitory
action of poly(N-vinylpyrrolidone) PVP, poly(acrylamide) PAM, and their blends on the corrosion behaviour of magnesium alloy (Mg-10Al) in an acidic
environment (pH=3) containing SO4? ions, at temperatures ranging from 25 to 600C using potentiodynamic polarization PDP, and electrochemical
impedance spectroscopy EIS techniques. Information about the adsorption of polymer could be obtained using double - layer capacitance measurements
at the metal /solution interface. An attempt to correlate the adsorption and/or inhibition characteristics of PVP, PAM and their blends on magnesium
alloy from acidic solutions has been made.
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2. Materials and Experimental Techniques

The corrosion behavior of the alloy was evaluated using open-circuit potential and potentiodynamic measurements.
2.1. Electrochemical Process Measurements

A three-electrode system was used to evaluate the electrochemical performance of the Mg alloy in an acidic Na2S04 solution. The aqueous acidic
sulphate solution was prepared using analytical grade Na.SO4 (Sigma-Aldrich). A sensitive pH meter (BT-500 model, made in Germany) was used to
monitor the pH of the solution prior to each experiment, and it was set to pH=3 by adding a few drops of H2S04 solution. PVP was purchased from Sigma-
Aldrich and its MW x40 000 g/mol. PAM was polymerized using the procedures described in the literature [10]. A 0.2mM concentration from (PAM and
PVP) or their blends in the ratio [1:1, 1:3 and 3:1 (v/v)] were prepared. Volta lab potentiostat (Radiometer PGZ301) was used for the measurements.
The reference was SCE and a Pt one as counter electrode. A Mg-Al rod (0.5 cm? surface area) was prepared in a metallurgical workshop and was used as
the working electrode. Its chemical composition was presented in Table 1.

The investigated polymers were prepared with a concentration of 0.2 mM in an acidic aqueous solution of 0.5 M Na2S04 and then a series dilutions
were prepared. Each experiment was repeated at least three times to verify the reproducibility of the results. Electrochemical impedance spectroscopy
EIS was conducted as stated in the literature [11, 12].

Table 1: Chemical composition of the Mg-Al electrode in mass %.

Sample Al Cu Ni Zn Mn Fe Mg

Mg-Al 10.14 0.03 0.03 0.005 0.003 0.04 remainder

2.2. Surface Morphology
Non-contact mode of the atomic force microscopy (AFM) wet - SPM was used to investigate the surface morphology.
2.3. Quantum Chemical Calculations

Accelrys Materials Science software (MS6.0) provided the quantum calculations and optimization of the geometry of the water soluble polymers
(PAM and PVP) and their blends [13, 14]. The different quantum parameters were calculated [15].

3. Results and discussion

3.1. Open-Circuit Potential Measurements

Figure 1 represented the Open- circuit potentials (OCP) of Mg-Al alloy in the presence and absence of the polymeric additive (0.2 mM) for 60 min
of electrode immersion in an acidic solution of 0.5 M Na:SO4. In general, steady state potential was obtained within the first 25 min of immersing the
electrode in the test solution. The potential became more positive with time indicating the development of a passive film on the electrode surface. It was
observed that the polymeric additives shifted of the steady state potential to the positive value. The direction of the potential shift depends on the
composition of the alloy as well as the origin of the inhibitor. The potential shift may be attributed to the adsorption and/or deposition of corrosion
products of the inhibitor molecules on the active sites at the electrode surface.
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Fig. 1. Variation of the open circuit potential of Mg-Al alloy with time in an aerated stagnant acidic solution of 0.5 M Na:SO4 containing 0.2 mM of
polymers at 25°C.
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3.2. Potentiodynamic Measurements

Linear polarization and Tafel extrapolation measurements were used to evaluate the electrochemical behavior of the alloy.

3.2.1. Effect of Polymer Structure

The effect of polymer structure on the potentiodynamic polarization curves was studied and represented in Fig.2 and Table 2. The results showed
that the additives inhibited the corrosion of the alloy, and they have a trivial effect on the potentiodynamic curve shape. In addition they were slightly
alter the profile of the anodic and cathodic curves without influencing the anodic and the cathodic reaction mechanism.
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Fig. 2. Potentiodynamic polarization curves of Mg-Al alloy measured after 60 min immersion in an aerated stagnant acidic solution of 0.5 M Na2S04
containing 0.2 mM of polymers at 25°C.

Table 2: Corrosion parameters of Mg-Al alloy measured after 60 min immersion in an aerated stagnant acidic solution of 0.5 M Na;S0O4 containing 0.2
mM of polymers at 25°C.

inhibitors Ecorr icorr Ba Be Rate of Corrosion n%
(mV) (MA cm?) (mV/dec) (mV/dec) (um/Y)
0.5 M NazS04 -1523.4 268.0 110.2 -99.5 6132 --

PAM -1480.5 049.25 101.7 -76.5 1124 81.60
PAM: PVP (3:1) -1486.3 058.93 105.4 -80.6 1344 78.01
PAM: PVP (1:1) -1488.4 054.73 107.7 -81.4 1248 79.50
PAM: PVP (1:3) -1488.7 051.36 107.9 -80.6 1172 80.80
PVP -1498.9 045.46 107.9 -81.5 1037 83.03

The data showed that corrosion rate decreased in the presence of the polymeric inhibitors and the corrosion potential, Ecorr, was shifted to more
positive values. From the Tafel results (Table 2), PAM and PVP were acted as a mixed-type inhibitors, which influenced the dissolution of magnesium as
well as the cathodic reaction. The results showed that both PVP and PAM inhibited the corrosion of the alloy and it was found that PVP is a preferred
inhibitor than PAM and blending PVA with PAM resulted in an improvement of the inhibition efficiency. The inhibition effect was due to the presence of
-NH2 and -C=0 groups [16], this was described in details elsewhere [17-20]. The high electro density of the N-atom stabilized the PVP molecule resulting
in an enhanced surface coverage on the alloy surface, so PVP was a better inhibitor than PAM [21].

3.2.2. Effect of Polymer Concentrations

The corrosion parameters were calculated at different concentrations of inhibitors, see Table 3 and Fig. 3. The inhibition efficiency (n) was
increased upon increasing the additives concentration, and its value was found to be 81.6% and 83% for PAM and PVP, respectively.
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Fig. 3. Potentiodynamic polarization curves after 60 min. immersion of the alloy in an aerated stagnant acidic solution of 0.5 M Na2SO4 containing

different concentration of a) PAM and b) PVP at 25¢°C.

Table 3: Corrosion parameters of Mg-Al alloy after 60 min immersion in an aerated stagnant acidic solution of 0.5 M Na;SO4 containing different polymer

concentrations at 25°C.

Conc. PAM PVP

mM Ecorr icorr Corrosion rate n Ecorr fcorr Corrosion rate n

(mV) (A cm?) (um/Y) (%0 (mV) (nA cm?) (hm/Y) (%)
0.00 -1523.4 268.00 6132 -- -1523.4 268.00 6132 --
0.01 -1475.5 060.05 1370 77.6 -1490.3 050.76 1158 81.05
0.05 -1494.2 056.98 1300 78.7 -1482.5 048.92 1116 81.70
0.10 -1491.3 055.99 1277 79.1 -1484.5 047.03 1073 82.40
0.20 -1480.5 049.25 1124 81.6 -1498.9 045.46 1037 83.00
32.3. Effect of Temperature

The effect of temperature on the inhibition efficiency (n) was studied and the current density of corrosion, icorr, was calculated. It was found the
adsorption of inhibitors on the alloy surface was reduces at high temperature , which resulted in a lack in the inhibition efficiency [22]. Arrhenius
equation describes the relation between the corrosion rate and temperature [23]. Fig. 4 indicated that Ea was found to be 14.43 for PAM and 14.64 k]
mol-1 for PVP,. Also, the values of Ea were found to be less than 40 k] / mol indicating that the process was a single electron transfer process [24, 25].
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Fig. 4. Arrhenius plots of Mg-Al alloy in an aerated stagnant acidic solution of 0.5 M Na:S0O4 containing 0.2 mM inhibitor.

3.2.4. The Adsorption Isotherm

Organic compounds can control and stop the corrosion process through the adsorption of the organic inhibitors, which blocked the metal's surface
[26]. Langmuir adsorption isotherm was illustrated in Figure 5, where the C was plotted versus C/0 and a straight line with an intercept of 1/K was obtained. The
adsorption free energy, AGads, was found to be -27.7 kJ/mol for PVP -25.18 kJ/mol for PAM. Negative values indicated that the adsorption process was a
spontaneous one. PAM and PVP were found to be adsorbed below -40 kJ/mol on the surface of the alloy, indicating that the adsorption is physical.
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Fig. 5. Langmuir adsorption isotherm of Mg-Al alloy at different concentration of the organic inhibitors after 60 min. immersion in an aerated stagnant

acidic solution of 0.5 M Na2S04at 25¢C.

3.3. Electrochemical Impedance Measurements

Electrochemical impedance techniques, EIS was used to validate the results of the potentiodynamic polarization experiments. The effect of
different conditions on the corrosion process was investigated using EIS measurements.

3.3.1. Effect of Polymer Composition

The impact of additives polymers on the corrosion of the alloy was examined. Figure 6 displays the Bode graphs of the alloy in both inhibitor-free
solutions and solutions containing 0.2 mM of polymers and their various blending ratios. In the presence of polymeric additives, it was found that the
electrode impedance significantly increased, indicating that the alloy surface had become less active. In addition, the phase maximum was also
broadened at medium frequencies, demonstrating the existence of a protective layer [27]. An equivalent circuit was used to fit the impedance values (cf.
Fig. 6 inset). The equivalent circuit parameters were calculated after 60 minutes immersion of the alloy in the working medium in the absence and
presence of inhibitors as represented in Table 4. According to the findings of the EIS, the adsorption of the organic polymers led to the development of
a protective layer, which caused the thickness of the electronic double layer to grow. The maximum corrosion resistance and highest 1/Cdl value were

demonstrated by PVP.
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Fig. 6. Bode plots of Mg-Al alloy after 60 min. immersion in an aerated stagnant acidic solution of 0.5 M Na2S0O4 containing 0.2 mM of polymers at 25°C.
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Table 4: Equivalent circuit parameters of Mg-Al alloy after 60 min. immersion in an aerated stagnant acidic solution of 0.5 M Na2SO4 containing 0.2 mM

of polymers at 25°C.

Inhibitors Rs Ret Ca [od n%
€)] (©2.cm?) (1F/cm?)
0.5 M NazS04 8.084 093.97 8.460 0.999 -

PAM 5.147 367.60 6.830 0.998 74.4
PAM: PVP (3:1) 4.969 191.80 8.293 1.000 51.0
PAM: PVP (1:1) 4.385 303.10 6.615 0.999 69.0
PAM: PVP (1:3) 4.350 329.10 7.639 1.000 71.4
PVP 4.960 429.60 5.850 0.998 78.1

3.3.2. Effect of Polymer Concentrations

Fig. 7 shows Bode plots obtained from EIS analyses of Mg-Al alloy. The findings revealed a single phase maximum at the intermediate frequency,
where the broadening of the maximum phase increased with increasing polymer concentration due to the formation of a protective layer on the surface.
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Fig. 7. Bode plots of Mg-Al alloy after 60 min immersion in an aerated stagnant acidic solution of 0.5 M Na2SO4 containing different polymer

concentrations at 25°C a) PAM and b) PVP.

Fig. 6 as well as Tables 5 and 6 depicts the straightforward equivalent circuit model that was used to analyze the impedance data. According to the
findings of these tests, a maximum film resistance was obtained at a concentration of 0.2 mM PVP. Table 5 and 6 represented the values of n and the
results showed these values increased with increasing of the polymer concentration, and reached its maximum values at a concentration of 0.2 mM PVP,
meaning that the PVP inhibition efficiency was better than that of PAM.

Table 5: Equivalent circuit parameters for Mg-Al alloy after 60 min immersion in an aerated stagnant acidic solution of 0.5 M Na;SO4 containing different

concentrations of PAM at 25¢C.

PAM Conc. Rs Rc Ca o Nn%
(mM) (2 (©2.cm?) (1uF/cm?)
0.00 8.084 093.97 8.460 0.999 -
0.01 5.132 265.00 6.005 0.998 64.5
0.05 5.373 281.10 8.945 0.997 66.6
0.10 5.282 325.40 6.162 0.996 71.1
0.20 5.147 367.60 6.839 0.998 74.4

Table 6: Equivalent circuit parameters for Mg-Al alloy after 60 min immersion in an aerated stagnant acidic solution of 0.5 M Na2S04 containing different

concentrations of PVP at 25°C.

PVP Conc. Rs Ret Cal a N %
(mM) (€)] (Q2.cm?) (1F/cm?)
0.00 8.084 093.97 8.46 0.999 -
0.01 4.891 257.30 7.79 0.999 63.5
0.05 5.047 360.10 6.98 0.995 73.9
0.10 6.210 369.70 6.80 0.995 74.6
0.20 4.960 429.60 5.85 0.998 78.1
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3.4. Surface Morphology

The surface morphology was examined using atomic force microscopy AFM. Figure 8. showed that the morphology in the absence and in the
presence of 0.2 mM PVP inhibitor. In the absence of the inhibitor, the alloy surface was rough and the surface roughness was 1.8 pm. However, the
addition of 0.2 mM of PVP prevented the corrosion process and the alloy surface became smoother and the roughness was found to be 1.51 um.

000

$00x500[um] Z 000 - 96130 [nm] 500x500(um) Z 000 - 113346 (nm)

Fig. 8. AFM micrographs of the alloy surface (a) without polymer (b) in the presence of 0.2 mM PVP.
3.5. Quantum Chemical Calculations
3.5.1.Computational Indices

The most stable form of the PAM and PVP compounds, where the electron density was saturated throughout their molecules, was depicted in
Figure 9. It is well known that the energy value of an inhibitor molecule's filled (EHOMO) and empty (ELUMO) orbitals, which determining its stability.
Basically, low energy gab (E) values indicate good inhibition properties because the antibonding inhibitor orbital (ELUMO) will be minimised to allow
electrons to be accepted from the filled Mg orbitals and the desired energy to remove the electron from the filled HOMO orbital of the inhibitor molecule
will decrease, making it simpler for the Mg orbitals to accept an electron from the inhibitor molecule. The results showed that the AE values for PAM
and PVP was 5.11262 eV and 5.071015 eV, respectively; showing higher corrosion inhibition effectiveness of PVP.

Fig. 9. The frontier molecular orbital (FMO) density distribution for the tested inhibitors PAM and PVP.
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Table 7: Quantum chemical parameters of the tested polymers.

Compound Enomo (Ha) Evumo (Ha) AE 1 A X n AN u (Debye)
(eV) (eV) (eV) (eV) (eV)
PAM -0.181725 0.006163 5.11262 4.944919 -0.1677 2.388609 2.55631 0.217 3.6353
PVP -0.172786 0.013573 5.071015 4.70168 -0.36933 2.166172 2.535507 0.263 3.617

Because AN > 0, electrons will transfer from inhibitors (such PAM or PVP) to the metal surface in this experiment. The PVP inhibitor has the highest
electrical donation potential to the alloy surface. The AN value for PVP is greater than PAM indicated the higher corrosion efficency of PVP [28]. The
dipole moment (1) was another tool used to assess the probability of bond formation. It was reported that the inhibition efficiency decreased with
increasing the dipole moment levels. While the lower value of (1) may facilitate the accumulation of inhibitor molecules on the alloy surface. Also,
enhancing the dipole-dipole interactions between the inhibitor molecules and the alloy surface would improve the inhibition efficacy [25, 29]. The
discussed quantum parameters were in a good agreement with the theoretical assumptions.

3.5.2.Monte Carlo Simulation

Figure 10 displayed the PAM and PVP adsorption modes at top and bottom views on the Mg(110) crystal surface. The output data from the
simulation method revealed that PVP's adsorption energy was larger than PAM's, indicating a more stable and powerful contact between the PVP
molecule and the magnesium surface and a consequent increase in the effectiveness of the inhibition as shown in Table 8. It was noticed that Erigid
values of PVP > PAM.

e ®
(el o i )
PAM »ne

PVP

I T G I g g e g g
ST I T (T G G G T g

Fig. 10. Left (Side) and right (Top) views of the modes of adsorption of the tested polymers on the alloy surface.

Table 8: Monte Carlo simulation of the output energies

Additives Type Etotal Eads. Erads. Ed dEads. /dNi
YP (k] /mol) (k] /mol) (kJ/mol) (k] /mol) (k] /mol)

PAM 00.31 -14.90 -04.74 -10.15 -14.90

PVP 14.36 -19.55 -06.18 -13.37 -19.55

4. Conclusions

The results obtained from EIS (Electrochemical Impedance Spectroscopy) and PP (Potentiodynamic Polarization) showed that PVP and PAM were
effective corrosion inhibitors for the tested Mg-Al alloy in the desired working medium. For PVP and PAM, the maximum efficiencies were 83% and
81%, respectively. PVP and PAM can be categorised as a mixed type inhibitor. It could be concluded that PVP inhibits corrosion more effectively than
PAM. When PVP and PAM were combined, there was evidence of compatibility since the level of inhibition efficiency increased upon increasing the
percent of PVP in the blend.
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