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ABSTRACT 

The corrosion behavior of aluminum in 0.1 M HCl 
solution in the absence· and presence of four compounds of P
blockers (Propranolol, timolol, atenolol and nadolol) was 
investigated using weight loss, potentiodynamic polarization 
and electrochemical impedance spectroscopy (EIS) 
techniques. The results of these techniques show that, the 
inhibition efficiency of these compounds depends on their 
concentration and chemical structure. The inhibitive actions 
of these compounds were discussed in terms of blocking the 
electrode surface by adsorption of the molecules through the 
active centers contained in their structure. The adsorption 
process was found to obey Frumkin isotherm. The etTect of 
temperature on the rate of corrosion in the absence and 
presence of these compounds was also, studied. Some 
activated thermodynamic parameters were computed. 
Potentiodynamic polarization data indicated that these 
compounds act as cathodic type inhibitors 
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1. INTRODUCTION 

Aluminum and its alloys are used widely in many industries 
because of their advantages. Hydrochloric acid solutions are used for 
pickling, chemical and electrochemical etching of AI. It is very important 
to add corrosion inhibitors to decrease the corrosion rate of Al in such 
solutions. Numerous organic compounds serve effectively as corrosion 
inhibitors. Aliphatic and aromatic amines as well as nitrogen heterocyclic 
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compounds were studied as corrosion inhibitors for dissolution of Al in 
acidic media [Rosenfeld et al., (1981); Desai et al., (1976); Hackerman 
et al., (1958) and El-Awady et al., (1985)} . Generally, it has been 
assumed that the first stage in the mechanism of the inhibitors in 
aggressive acid media is the adsorption of the inhibitors onto the metal 
surface. The processes of adsorption of inhibitors are influenced by the 
nature and surface charge of the metal, the chemical structure of organic 
inhibitors, the distribution of charge in the molecule, the type of 
aggressive elect rolyte and the type of interaction between organic 
molecules and the metallic surface [Granese, et a) .,(1988) ; Mimani et 
aL, (1993); Schmitt et al., (1985) ; Hukovic et al., (1994) and 
Mahmoud et al., (1997)]. Physical (electrostatic) adsorption and 
chemisorption are the principle types of interaction between organic 
inhibitors and the metal surface. 

The aim of this study is to investigate the inhibition efficiency of 
some ~-blocker compounds on aluminum cotTosion in HCl using 
chemical and electrochemical measurements. EIS was used to determine 
the mechanism of inhibition. 

2. EXPERIMENTAL 

AI metal was provided from "Aluminum Company of Egypt, 
Nagh Ammady'' ,its chemical composition is 0.1 00%Si, 0.250% Fe, 
0.047% Mn, 0.007% Mg. 0.002% Ni, 0.008% Cr, 0.003% Zn, 0.0 12% 
Ga, 0.001% Na, 0.007% V, 0.001% Zr, 0.007% Ti and 99.550% AI. 

i) Chemical technique (Weight loss method) 
Aluminum sheets were cut into 2 x 2 x 0. 1 em. They were 

mechanically polished with emery paper (a coarse paper was used 
initially and then progressive fine grades were employed), ultrasonically 
degreased in alkaline degreasing mixture [Fouda et al., (1986)] washed 
with distilled water and fi nally dried between filter papers and weighed. 
Aluminum pieces were immersed in 100 ml of the test so lution with and 
without the inhibitors for one day. After the test, the pieces were 
removed, washed with distilled water, dried as before and weighed again. 
The weight loss of the metal in the corrosive solution is given by: 

D.W=W,_W2 (1) 
where W 1 and W 2 are the weight of metal before and after exposure to the 
corrosive solution, respectively. The percentage inhibition efficiency(% 
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IE) and the degree of surface coverage (8) of the investigated com pounds 
were calculated from equations: 

% IE== [l- (6. Wmh/ 6. Wrrce)] x 100 (2) 
8 = [ 1 - ( 6. Winh I 6. W free) J (3) 

Where 6. W free and 6. Wioh are weight losses of metal per unit 
area in the absence and presence of inhibitor at given time period and 
temperature, respectively. 

ii) Electrochemical techniques (potentiodynamic polarization and 
electrochemical impedance spectroscopy (EIS) techniques) 

Aluminum electrodes were a cylindrical rod embedded in araldite 
with exposed surface area of 0.785 cm2 was employed. Prior to each 
experiment the surface of Al specimens were mechanically polished with 
different grades of emery paper, degreased· with alkaline solution and 
rinsed by distilled water. Three compartment cell with a saturated 
calomel reference electrode (SCE) and a platinum foil auxiliary electrode 
was used. For potentiodynamic polarization measurements the corrosion 
current density (lcorr) is determined, which is a measure of corrosion rate. 
These methods are Stern-Geary !Stern ct al., (1957)] method and 
intercept !Maayta et al., (2004)} method and they are based on anodic 
and/ or cathodic Tafel curves. Stern-Geary method used for the 
determination of corrosion current is performed by extrapolation of 
anodic and cathodic Tafel lines of charge transfer controlled corrosion 
reactions to a point which gives log icorr and the corresponding corrosion 
potential (Ecorr) for inhibitor free acid and for each concentration of 
inhibitor. Then Icorr was used for calculation of inhibition efficiency and 
surface coverage (8)as below : 

% IE = [ l - ( Icorr (inhY Icorr (free))] X 100 ( 4) 
e == [ 1 - ( Icorr (inhY Icorr (free))] (5) 

Where icorr (free} and icorr (inh) are the corrosion current densities in the 
absence and presence of inhibitor, respectively. 

The potentiodynamic current-potential curves were recorded by 
changing the electrode potential automatically from -1500 to500 m V at a 
scan rate SmVs-1 by using Volta Lab PGZIOO, and a personal computer 
with Volta Master 4 version 7.08 software for calculations. All the 
experiments were carried out at 25± l °C by using ultracirculating 
thermostat. The solutions were not deaerated to make the conditions 
idential to weight loss measurements. 
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The AC impedance measurrnents were carried out using Ac 
signals of amplitude 1Om V peak to peak at open circuit potential in the 
frequency range l o-5 Hz to 0.5 Hz by using Potentiostat/Galvanostat 

(Gamry PCI 300/4) and a personal computer with EIS300 software for 
~alc ulations. 

All chemicals and reagents were of analytical grade. 
The measurements were performed in 0.1 M HCl without and 

with the presence of the investigated P-blocker compounds in the 
concentration range (2x 1 o·6 to 12x 1 o·6M). 

The names and molecular structures of the investigated P-blocker 
compounds are given below: 

Compound (I) 

Compound(ll) 

OH 

2 -( 4 ·( 2 ·hydroxy-3-(i sopropyl run i no )propo,xy )phe ny !)acetamide 
Chemical Formula: C14H22N20; 

Molecular Weight: 266.34 
Arenolol 

0~'~ 
c6 0H H 

HCI 

# 
1-{ isopropyl~ mino )· 3-( naphthalen-1-yloxy )propan-2 -ol hydrochloride 

Chemical Formula: C16H21CIN02 
Molecular Weight: 295.80 

Propranolol 
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Compound( III) 

Compound(lV) 

dOH 0\_ 
0 \d OH 

l·(tm-butylammo)-3-{ 4-mof)lhol ino-1,2,5-lhiaduuol-3-yloxy)propan· 
2-ol maleate 

O.em~al Formula. C 17H1~N,07S 
Molecular We1ght 432 49 

Timolol 

OH 

( 2!? .JS)-5-(3-(ter/-buty Jamino) -2-hydroxypropoxy)- 1.2.3 .4· 
tetrahydronapht hakne-2,3 -diol 
Chemical Formula: C 17 1-1 27NO.a 

Mok c ular Weight: 309.40 
Nadolol 

3. RESULTS AND DISCUSSION 

3.1-Wcight loss measurements. 
Fig. ( 1) shows the weight loss-time curves for the corrosion of 

aluminum in 0.1 M HCI in the absence and presence of different 
concentrations of compound (I) at 25± 1 °C. It is revealed that on 
increasing the concentration of compound (I), the weight loss of 
aluminum samples are decreased. This means that the presence of this 
compound retards the corrosion of aluminum in O.lM HCI and acts as 
inhibitor. 

The linear variation of weight loss with time in uninhibited and 
inhibited 0.1 M HCI acid indicates the absence of insoluble surface films 
during corrosion. In the absence of any surface films, the inhibitors are 
first adsorbed onto the metal surface and thereafter impede corrosion 
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either by merely blocking lhe reaction sites (anodic and cathodic) or by 
altering the mechanism of the anodic and cathodic partial processes. 

From the calculated values of% IE at 25°C as shown in Table (1), 
the order of decreasing inhibition efficiency of the investigated 
compounds is as follows: 

I> II> Ill >IV 

10 -o.IMHCI. 
--.-2:\10<' M. 
-T-4xiO.r, M. 

9- -...-6xl0.(' M. 

-+-Sx !O''' M. 

~IOxiO .. 'M. 

8 -+-12x IO<'M. 

7 

6 

::: 
G 
cO 5 
E 
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_£ 
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Fig.( I ):Weight loss- time curves for the corrosion of aluminum in 0. 1 M HCI 

in the absence and presence o f different concentrations of compound (I) at 25°C. 
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Table (1): % Inhibition efficiency at different concentrations of the investigated 
compounds for the corrosion of aluminum in 0.1 M HCI at 25°C. 

Concentration 
%IE 

M 
(I) (II) (III) (IV) 

2x l o·6 21.3 J 15.86 15.77 9.89 

4x!0-6 28.57 28.057 26.79 25.00 

6xl 0'6 47.81 4090 39.39 38.21 

8x 1 o·6 68.01 63.80 5622 51.17 
JOx!0-6 79.42 72.31 69.51 66.33 

12xl0'6 88.16 81 .93 78.10 72.93 

3.2-Adsorption isotherm 
The plots of 8 vs. log C (Frumkin adsorption plots) for the 

investigated compounds on the surface of aluminum in O.lM HCJ at 
25°C are shown in Fig.(2). The data gave S-sbape indicating that 
Frumkin's isotherm is valid for these systems. 

3.3-Potcntiodynamic polarization 
ln potentiodyamic polarization method the aluminum electrode 

was under potential control and the corresponding current was allowed to 
vary. Potentiodyamic polarization curves of aluminum in 0.1 M HCI in 
the absence and presence of different concentrations of the investigated 
compound (l) at 25°C are illustrated in Fig (3). Various corrosion 
parameters such as corrosion potential (Ecorr), anodic and cathodic Tafel 
slopes CBa, ~c), the corrosion current density (Icorr), the degree of surface 
coverage (8) and the inhibition efficiency (IE%) are given in table (2). It 
can be seen from the experimental results that these investigated 
compounds decreases Icorr significantly at all the studied concentrations. 
The presence of these compounds resulted in a slightly shift of corrosion 
potential towards the active direction in comparison to the result obtained 
in the absence of the inhibitor .Both the anodic and cathodic current 
densities were decreased indicating that these compounds suppressed 
both the anodic and cathodic reactions, although mainly the cathodic one. 
For anodic polarization in the presence of different concentrations, a 
higher anodic currents were produced, indicating that the desorption of 
adsorbed jnhibitors on the electrode surface [Wang et al., (1995) and 
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Feng eta]., (1999)] . The constanty ofTafel slopes in the presence ofthe 
inhibitors, indicating the inhibitors acted by merely blocking the reaction 
sites of the metal surface without changing the anodic and cathodic 
reaction mechanisms. 
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Fig.(2): e vs. loge for corrosion of aluminum in O.IM He t in presence of different 

concentrations of some~ blocker compounds at 2S"C. 
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The order of decreasing inhibition efficiency of the investigated 
compounds is as follow: 

I > II > III > IV 
This is also m agreement with the observed order of corrosion 

inhibition by the weight loss method. 
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Table (2): The efrcct of concentr3tion of the investigated compounds on the free corrosion potential 

(E,0 ,.), corr osion curr ent density (1,.,,), T~fel slopes (Jl,& p,), inhibition efficiency (% 1£) ,degree of 

surface covernge (0) and corrosion rate fo r the corrosion of aluminum in O.IM H C l at25°C. 

E«>,.,.vs 
lu m • p .. ~ .. 

Cumpuuo.Js Conc.,i\1 
SCE, 

% 1£ 
Corros~on rate 

rnr\ cm·1 mY dec'' mY dec' mllllyur 
mY 

[ Fr«;cod -681.5526 0.!551 793.1!.)63 26.5855 0.0000 0.00 1.6893 

21!04 -68~5957 0.1187 ~00.12JS l7.J7U 0.2355 23.55 !.l9l6 

~.to• -MHI H 0.0991 li)AIYJ )7. 137~ 0.3617 36.17 1.07~3 

6'1: 10 .. ·707.1521 U.07HJ 252.2617 31.2129 0.~958 ~9.58 0.!51~ 

8.t0 -71l.08JS 0.0~3 1 222.9128 32.0010 0.7212 72.22 O.WJJ 

10~10• -13S.ll99 0.0299 118.1n6 36.89H 0.8076 80.76 CLl251 

t2s. JO .. -16U9J4 0.0127 5UGJ9 39.0632 0.91~0 91.&0 O.IJS5 

211 0" ·Gl!Y.G71J O.II~S 512.SOMJ 26.~7» O.llHO lUU I.JOH 

·h.10• -'97.1235 0. 1076 ~H.0898 26.0595 O.J069 30.69 1.1709 

Gxto• ~95.52~2 0.0~50 347.1716 IG.I!JS5 0.~521 H .ll 0.91!6 

II 
8xto• -G99A~91 0.057~ 182.5341 2G.OJ8~ 0.6299 GI.Y9 0.6252 

101 )0. · 10!'.5309 0.0189 116.293~ 1G. I957 O.lll39 81.J9 O.J IH 

r.hto• -71JA607 0.0153 5S.JI)J :!6.99.a7 0.9UI2 90.12 O.I I.GY 

h lo• · 68HOG7 o.nso <98.9591 26AJJS O.IY~l IY.JJ IJGIZ 

~.1u• ·G89.9U~5 0.10?2 JUJ.IU5 IG.7ll~ 0.196-1 !'J.C.~ I.IK~1 

c,.:1o• -691.10JU U.uYi l 26U1.ll 2l.7290 0.4111 -'Ln t.99JO 
Ill 

81 104 ~9J.JOJO 0.070~ 1~.1.8117 10.9551 0.5<19 s~.l9 o.n21 

IU•IU" ·69<.9013 0.04~ 93.51JJ 2l.OI7J 0.7012 70.12 O.SU~ll 

thto• -69SJ021 O.OLB 67.9151 IGAl76 0.3118 8Ull O.JI46 

2110 -686.5060 0.1183 Sll.+H8 21.7756 O. t7JS t7.JS l.J?GJ 

~.to• ~8.1053 0.1130 UJA I~ l 25.0805 0.2716 27.16 l.llOS 

6.to• -690.JO~J 0.0883 187.1161 24.52~0 O.Htl ~). ll 0.9611 
IV 

lit t O• -69l.JO>-I 0.0698 161 .5938 ll.J~99 0.5500 S5.00 8.7602 

lOt tO• -695.5020 u.usos 1]1.5229 19.6722 0.6128 67.2~ 0.5S21 

u.~to• ·699.7001 0.0» 7 85AUH9 l l .JSIJ 0.7505 15.05 O.HI 5 
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3.4- Effect of temperature and activation parameters of inhibition 
process 

The influence of temperature on the corrosion rate of aluminum 
in O.lM HCI in absence and presence of 2xl0-6M of the investigated 
compounds was investigated by the potentiodynamic polarization 
technique in temperature range from 30 to 60°C. 

The plots of logarithm of corrosion rate (log k), with the 
reciprocal of absolute temperature (l/T) for aluminum in O.lM HCl at 
2x l o-6M for the investigated compounds are shown in Fig. ( 4 ). A straight 
lines with slope of -Ea•; 2.JOJR and intercept of A were obtained 
according to Arrhenuis-type equation: 

k=A exp (-Ea.IRT) (8) 
'vvhere k is the corrosion rate_ A is a constant depends on a metal type and 
electrolyte, Ea • is the apparent activation energy, R is the universal gas 
constant and Tis the absolute temperature. 

The plots of log (corrosion rate/ T) vs. 1/ T for aluminum in O.lM 
HCI at 2x 1 o·6M for the investigated compounds are shown in Fig. (5). 
As shown from these Figures, straight Jines with slope of ( -t.H•/ 2.303R) 
and intercept of (log R1 Nh + t.s·; 2 .303R) were obtained according to 
transition state equation: 

Rate=RT/Nh exp(t.S"/R) exp (-t.H./RT) (9) 
• where h is Planck's constant. N is Avogadro's number, t.H 1s the 

activation enthalpy and t.s• is the activation entropy. 
The calculated values of the apparent activation energy, Ea ·, 

activation enthalpies. 6.H• and activation entropies, t.S • are given in 
Table (3). These values indicate that the presence of the additives 
increases both the activation energy, Ea. and the activation enthalpy, t.H" 
and decreases the activation entropy, 6.S• for the corrosion process. The 
increase in the activation energy indicating a strong adsorption of the 
inhibitor molecules on aluminum surface and i11dicates the energy barrier 
caused by the adsorption of the additive molecules on aluminum surface. 
The increase in the activation enthalpy (t.H*) in presence of the inhibitors 
implies that the addition of the inhibitors to the acid solution increases 
the height of the energy barrier of the corrosion reaction to an extent 
depends on the type and concentration of the present inhibitor. The 
entropy of activation (t.S•) in the blank and inhibited solutions is large 
and negative indicating that the activated complex represents association 



Fouda, A.S. et at. 198 

rather than dissociation step. (Gomma et al., (1995) and Soliman et al., 
(1995)). 

The order of decreasing inhibition efficiency of the investigated 
compounds as gathered from the increase in Ea • and t:\H* ads values and 
decrease in 6S ·ads values, is as follows: 
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Table (3): Activation parameters of the corrosion of aluminum in O. IM 
HCJ at 2x 1 o-<>M for the investigated compounds. 

Activation parameters 
Compounds Ea*, ~H· 

' 
-6S , 

kJ mor1 kJ mor' J mor1K"1 

Free acid 14.79 12.14 263.87 
(I) 17.04 14.39 260.13 
(II) 16.65 14.00 260.58 
(III) 15.89 13.23 262.44 
(IV) 15.26 12.60 263.73 

. 3.5- Electrochemical impedance spectroscopy (EIS) 
The corrosion behavior of aluminum in 0.1 M HCI solution in the 

absence and presence of different concentrations of the investigated 
t::ompounds was investigated by the EIS method at 25°C. Fig. (6) shows 
the Nyquist plots for aluminurr.. in 0.1 M HCI solution in the absence and 
presence of different concentrations of compound (I) at 25°C. The 
obtained Nyquist impedance diagrams in most cases does not show 
perfect semicircle, generally attributed to the frequency dispersion 
[paskossy et al., (1994)1 as a result of roughness and inhomogenates of 
the electrode surface. The data reveal that, each impedance diagram 
consists of a large capacitive loop with low frequencies dispersion 
(inductive arc). This inductive arc is generally attributed to anodic 
adsorbed intermediates controlling the anodic process [Caprani et al., 
(1975); Bcssonc ct al., (1983) and Epclboin et al., (l972)J. By 
following this, inductive arc was disregarded. 

In 0.1 M HCI and presence of various concentrations of 
inhibitors, the impedance diagram shows the same trend (one capacitive 
loop). however. the diameter of this capacitive loop increases with 
increasing concentration. 

The main parameters deduced from the analysis of Nyquist diagram are: 
• The resistance of charge transfer Ret( diameter of high frequency 

loop) 
• The capacity of double layer Cdt which is defined as : 

1 
cdl = cs) 

2n fmax R et 
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The inhibition efficiencies and the surface coverage (9) obtained from the 
impedance measurements are defined by the following relations: 

o/oJE = (1- R 
0

'
1 )x 100 (9) 

R,t 

B=(l-ROCI) (10) 
Rei 

Where R0
c1 and Ret are the charge transfer resistance in the 

absence and presence of inhibitor respectively. The associated with the 
diagrams impedance are given in Table (4). 
From the impedance data given in Table (4), we conclude that: 

1. The value of R:, increase with increase in the concentration of 
the inhibitors and this indicates an increase in the corrosion 
inhibition efficiency in acidic solution. 
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11. As the impedance diagram obtained has a semicircle 
appearance, it shows that the corrosion of Al is mainly 
controlled by a charge transfer process. 

111. The value of double layer capacitance decrease by increasing 
the inhibitor concentrat;.on. This is due to the adsorption of 
these compounds on ·the electrode surface leading to a film 
formation on the AI surface. 

tv. The %IE obtained from EIS measurements are close to those 
deduced from polarization and weight loss methods. 

The order of inhibition efficiency obtained from EIS 
measurements decreases as follows: 

I > II > III > IV 

Table (4): Electrochemical kinetic parameter obtained by EIS technique 
for the corrosion of aluminum in 0.1 M HCl at different 
concentration of investigated compounds at 25°C. 

Compounds Concentration M Cd1J1F.cm·2 Rc .. ohm 8 %IE 

Free acid 0 74.78 125.3 0.0000 0.00 
2xlo-<> 52.29 167.4 0.2515 25. 15 

I 
4x l0-6 47.39 211.6 0.4079 40.79 
6xro·<> 45.83 246.3 0.4913 49.13 
8x I o·<> 43.71 346.49 0.6384 63.8-1 
2x lo-o 62.43 165.8 0.2443 24.43 

II 
4xlo·o 59.59 201. 1 0.3769 37.69 
6x I o·o 44.82 218.9 0.4276 42.76 
8x1 o·o 41.31 325.6 0.6152 61.52 
2xl o·b 61.29 154.2 0.1874 18.74 

III 
4x 10-o 49.92 179.9 0.3035 30.35 
6x 10'6 45 .7 213.2 0.4123 41.23 
8xl0-o 34.49 289.36 0.5670 56.70 
2xlo-o 56.5 150.7 0.1686 16.86 

IV 
4X J o·o 54.67 166.2 0.2461 24.61 
6xl o·o 52.14 211.8 0.4084 40.84 
8xl0-o 47.75 273.8 0.5424 54.24 
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3.6- Chemical structure and corrosion inhibition: 
Skeletal representation of the mode of adsorption the investigated 

compounds on Al surface is shown blow in Fig.(7). As shown from this 
figure, there are only three adsorption active centers( two oxygen atoms 
and one N atom) in the similar part in all molecules. So the type and 
structure of R is the effective part. Compound (I) contains one more 
active centre (N atom of N1-h) and the compound lies flat on the AI 
surface, so, more surface area was covered and hence ,more inhibition 
efficiency was observed. Compound (II) has naphathayl ring which rotate 
around the bond of C----0 and Covers more surface area but less than 
compound (I). Compounds III and IV are adsorbed on Al surface 
through the three active centre (two oxygen atoms and one N atom) and 
the remainder part of molecules is hanging in the solution so less surface 
area was covered and also the presence of t-methyl group in these 
molecules makes a steric hindrance for the adsorption of these molecules, 
so compound lii and IV comes after compound I and II in inhibition 
efficiency. 

4. CONCLUSIONS 

1. The investigated P-blockers inhibit the corrosion of AI in 0.1 M 
HCl medium. 

2. The investigated compounds ~-blockers affect both cathodic and 
anodic processes, although mainly cathodic one and .don't change 
the mechanism of the process. 

3. The inhibition is due to the adsorption of the investigated 
compounds on Al surface and blocking its active sites. 

4. The inhibition efficiency increases with increasing of the 
inhibitor concentrations but decreases with the increase of the 
temperature. 

5. The data obtained fit well the Frumkin isotherm model. 
6. The data obtained from the three different methods namely, 

weight loss, potentiodynamic polarization an~ electrochemical 
impedance spectroscopy are in good agreement. 
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Fig. (7): Skeletal representation of the mode of adsorption of the 
investigated compounds. 
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