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INTRODUCTION

Aluminium and its alloys are widely used in various industrial and
space operations. Aluminium has high electronegative potential (-1.67 V).
However the resistance of Al against corrosion in aqueous media can be
attributed to a rapidly formed surface oxide film. Therefore the presence of
aggressive ions like chloride creates extensive localized attack. Iron is
always present in aluminium it is the dominant impurity in commercial
grades and still a major one in pure grades. Silicon is the second most
abundant impurity of aluminium and one of the most common additions to
aluminium alloys to which it imparts fluidity in casting and welding and

high mechanical properties”.

The solid solution of iron in aluminium has been examined by
X-rays and the solubility limits in the aluminium lattice are formed to be
0.052 wt.% iron at 655°C, 0.025 wt.% at 600°C, 0.006 wt.% at 500°C and
practically 0 at 400°C. In equilibrium at room temperature the lattice is free
of iron and it is all present as FeAl;. The solubility of silicon in aluminium
is 1.65 wt. % at 577°C, 0.8 wt. % at 500°C, 0.29 wt. % at 400°C and 0.05
to 0.08 wt. % at 250°C. Thus on quenching from the liquid state a material
such as aluminium 99.5 % containing 0.25 wt. % silicon a solid solution of

silicon in aluminium is formed®.

In analyzing the effect of iron and manganese, it was reported that
the addition of iron is harmful to the corrosion resistance of aluminium,
where as the addition of manganese does not adversely affect its corrosion

(1,34)

properties These observation have been explained in terms of the

corrosion potentials of aluminium and MnAls are similar, while that of




FeAl; is more cathodic®®

. The beneficial effect of manganese in
commercial Al-Mn alloys has been also rationalized by Anderson and
Stumpf®, Zamin®suggested that corrosion resistance increases with an
increase in the Mn/Fe ratio in the commercial Al-Mn alloys ( alloys
containing 0.4-12 % Mn, 0.4-0.8 % Fe, 0.15 % Si and some with small
amount of magnesium have been fabricated and evaluated ), but remains

unaffected by the magnesium addition.

Aleikina® studied the corrosion disintegration of Al-Ni alloys in
0.IN HCI with Ni-Al;(B), Ni,Als(y), NiAl(3), and NizAl(g) phases and
with cast alloys with a gradual 10 % increase in nickel content. He
determined the rate of disintegration of the alloy from the volume of
hydrogen liberated and the amount of alloy components passing into
solution. Cote, Howlette and Lamb™® studied the behaviour of coarse
particles of five intermetallic compounds, CuAly, B-AlMg, TiAls;, B-AlFeSi
and AlZnMg in high purity aluminium alloys during H,SO, anodizing
under constant d. c. potential. They were examined by optical microscopy
and electron probe microanalysis. They found that silicon was inter as
were TiAl; and B-AlFeSi, while CuAl, B-AlMg, and AlZnMg were
anodizing faster than the matrix and readily dissolved in the electrolyte.
Isasi and Metzger' also found that , at low copper contents the structure
and impurity related corrosion phenomena in nitric and sulphuric acids

solutions were similar to those in hydrochloric acid solution.

Inhibition is a preventive measure against corrosive attack on
metallic materials. Tt consists of the use of chemical compounds which,
when added in small concentrations to an aggressive environment, are able

to decrease corrosion of the exposed metal.




By considering the electrochemical nature of corrosion processes,
constituted by at least two electrochemical partial reactions, inhibition may
also be defined on an electrochemical bases. Inhibitors will reduce the
rates of either or both of these partial reactions( anodic oxidation and / or
cathodic reduction). As a consequence we could have anodic, cathodic,
and mixed inhibitors. Other tentative classifications of inhibitors have been
made by taking into consideration their chemical nature (organic or
inorganic substance), their characteristics (oxidizing or nonoxidizing
compounds), or their technological field of application (pickling, descaling

acid cleaning, cooling water system, etc.).

Inhibitors can be used in electrolytes at different pH values, from
acid to near-neutral or alkaline solution. Because of the very different
situations created by changing various factors such as medium and
inhibitor in the system metal/aggressive mediunyinhibitor, various

inhibition mechanisms must be considered'%!>

An accurate analysis of the different modes of inhibiting electrode
reactions including corrosion was carried out by Fischer™® He
distinguished among various mechanism of action, such as:

- Interface inhibition.

- Electrolyte layer inhibition.

- Membrane inhibition.

- Passivation.

Subsequently, Lorenz and Mansfeld” proposed a clear distinction
between interface and interphase inhibition, presenting two different types

of retardation mechanisms of electrode reactions mcluding corrosion.




Interface inhibition presumes a strong interaction between the inhibitor and
the corroding surface of the metal’™'*'® In this case the inhibitor adsorbs
as a potential-dependent two-dimensional layer. This layer can affect the

basic corrosion reactions in different ways:

By a geometric blocking effect of the electrode surface
due to the adsorption of a stable inhibitor at a relative

high degree of coverage of the metal surface,

By ablocking effect of active surface sites due to the
adsorption of astable inhibitor at a relatively low

degree of coverage.

By a reactive coverage of the metal surface. In this case
the adsorption process is followed by electrochemical

or chemical reactions of the inhibitor at the interface.

According to Lorenz and Mansfeld" ™, interface inhibition occurs in
corroding systems exhibiting a bare metal surface in contact with the
corrosive medium. This condition is ofien realized for active metal

dissolution in acid solutions.

Interphase inhibition presumes a three-dimensional layer between
the corroding substrate and the electrolyte'*'**?  Such layers generally
consist of weakly soluble corrosion products and/or inhibitors. Interphase
inhibition is mainly observed in neutral media, with the formation of
porous or nonporous layers. Clearly, the inhibition efficiency depends on

the properties of the formed three-dimensional layer.




In the following chapters we discuss inhibition mechanisms, which

vary according to the different conditions considered.

Acid solutions:

Usually, corrosion of metals and alloys in aqueous acid solutions is
very severe; nevertheless, this kind of attack can be inhibited by a large
number of organic substances. These include triple-bonded hydrocarbons,
acetylenic alcohols, sulfoxides, sulfides and mercaptans, aliphatic,
aromatic or heterocyclic compounds containing nitrogen, and many other
families of simple organic compounds or of condensation products formed
by the reaction between two different species such as aldehydes and

amines.

Generally, it is assumed that the first stage in the action mechanism
of the inhibitors in aggressive acid media is 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, by the chemical
structure  of the organic inhibitor, and by the type of aggressive electrolyte.
Physical (or electrostatic) adsorption and chemisorption are the principal

types of interaction between an organic inhibitor and a metal surface.

In the adsorption of organic inhibitors the water molecules adsorbed
at the metal surface in contact with the aqueous solution are involved. As a
consequence, the adsorption of an organic substance at the metal / solution
interface may be written®” according to the following displacement
reaction:

Org(sol) +n Hzo(ads) = Org(ads) + IIHZO(SOI) 1)




Which n is the number of water molecules removed from the metal surface
for each molecule of inhibitor adsorbed. According to Bockris and
Swinkels?” n is assumed to be independent of coverage or charge of the

electrode.

Clearly, the value of n will depend on the cross-sectional area of the
organic molecule with respect to that of the water molecule. Adsorption of
the organic molecule occurs because the interaction energy between the
inhibitor and the metal surface is higher than the interaction energy

between the water molecules and the metal surface!'¥

In the following the various adsorption phenomena and the

influencing parameters are discussed.

Physical adsorption:

Physical adsorption is the result of electrostatic attractive forces
between inhibiting organic ions or dipoles and the electrically charged
surface of the metal. The surface charge of the metal is due to the electric
field at the outer Helmholtz plane of the electrical double layer existing at
the metal/solution interface. The surface charge can be defined by the
potential of the metal (Ecor) vs. its zero charge potential (ZCP) (Bq=0)*?.
When the difference Ecr — Eqp = ¢ is negative, cation adsorption is
favored. Adsorption of anions is favored when ¢ becomes positive or
negative charge, but also to dipoles whose orientation is determined by the

value of the ¢ potential.

According to Antropov®®, at equal values of ¢ for different metals,




similar behaviour of a given inhibiting species should be expected in the
same environment. This has been verified for adsorption of organic

charged species on mercury and iron electrode, at the same ¢ potential for

both metals.

In studying the adsorption of ions at the metal/solution interface, it
was first assumed that ions maintained their total charge during the
adsorption, giving rise in this way to a pure electrostatic bond. Lorenz**2%
suggested that a partial charge is present the adsorption of ions, in this case
a certain amount of covalent bond in the adsorption process must be
considered.  The partial charge concept was studied by Vetter and
Schulze“** who defined, as electrosorption valence, the coefficient for
the potential dependence and charge flow of electrosorption processes. The
term electrosorption valence was chosen because of its analogy with the
electrode reaction valence which into Faraday’s law as well as the Nernest

equation.

Considering the concepts discussed above in relation to corrosion
inhibition, when an inhibited solution contains adsorbable anions, such as
halide ions, these are adsorbed on the metal surface by creating oriented
dipoles and consequently increase the adsorption of the organic cations on
the dipoles. In these cases a positive synergistic effect arises, thus, the
degree of inhibition in the presence of both absorbable anions and inhibitor
cations is higher than the sum of the individual effects. This could explain
the higher inhibitions compared to sulfuric acid sohitions®®. A similar
interpretation has been given™” for the increase in inhibition by quaternary
ammonium ions in sulfuric acid solution when the solution contains

bromide ions.




A very detailed discussion of electrostatic adsorption has been given
by Foroulis"”, who also considered the importance of structural
parameters, such as hydrocarbon chain length and the nature and position
of substituents in aromatic rings, in influencing the electrical charge of the

organic ions, since these factors could change the degree of inhibition.

The inhibiting species whose action is to be attributed to
electrostatic adsorption interact rapidly with the electrode surface, but they
are also easily removed from the surface. The electrostatic adsorption
process has a low activation energy, and it proves to be relatively
independent of temperature®”. On the other hand, electrostatic adsorption
appears to depend on:

- The electrical characteristics of the organic inhibitors.

- The position of the corrosion potential with respect to the zero-

charge potential.

- The type of adsorbable anions present in the aggressive solution.

Chemisorption:

Another type of metal/inhibitor interaction is chemisorption. This
process involves charge sharing or charge transfor from the inhibitor

molecules to the metal surface in order to form a coordinate bond type.

The chemisorption process takes place more slowly than
electrostatic adsorption and with a higher activation energy. It depends on
the temperature, higher degree of inhibition should be expected at higher
temperatures. Chemisorption is specific for certain metals and is not

completely re_versible(3 D The bonding occurring with electron transfer




clearly depends on the nature of the metal and the nature of the organic
inhibitor. In fact, electron transfer is typical for transition metals having
vacant, low-energy electron orbitals. Concerning inhibitors, electron
transfer can be expected with compounds having relatively loosely bound
electrons. This situation may arise because of the presence, in the adsorbed
inhibitor, of multiple bonds or aromatic rings, whose electrons have
a m character. Clearly, even the presence of heteroatoms with lone-pair of
electrons in the adsorbed molecule will favor electron transfer. Most
organic inhibitors are substances with at least one functional group
regarded as the reaction center of the chemisorption process. In this case,
the strength of the adsorption bond is related to the heteroatom electron
density and to the functional group polarizability. For example, the
inhibition efficiency of homologous series of organic substances differing

only in the heteroatom is usually in the following sequence:

P>8¢e>S8S>N>0

An interpretation may be found in the easier polarizability and lower
electronegativity of the elements on the left in the above sequence. On this
bases, a surface bond of the Lewis acid-base type, normally with the
inhibitor as electron donor and the metal as electron acceptor, has been

postulated®”.

The principle of soft and hard acids and bases (SHAB)®? has also
been applied to explain adsorption bonds and inhibition effects®®, Softness
and hardness are usually associated with high or low polarizability. The
SHAB principle states that hard acids prefer to coordinate with soft bases.

Metal atoms M on oxide-free surfaces are considered soft acids which in
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acid solutions are able to form strong bonds with soft bases, such as sulfur-
containing organic inhibitors. By comparison, nitrogen-containing or
oxygen-containing organic compounds are considered hard bases and may
establish weaker bonds with metal surface in acid solutions. From these
considerations, the importance of the concepts of functional group electron

density, polarizability, and electronegativity with respect to inhibition
efficiency is confirmed.

Hydrochloric acid solutions are used for pickling of aluminium or
for chemical or electrochemical etching of aluminium foil and lithographic
panels which substitute metallic zinc®®. Since the metal dissolution in
such solutions is rather large, it is necessary to inhibit it by the addition of

additives, which should provide a good quality pickled metal surface.

The inhibition of aluminium corrosion and its alloys in hydrochloric
acid solutions by using different organic compounds were studied by
several authors®*®. Makwana, Patel and Vora® found that the inhibitive
power of  4-HOCsH,COH (1), 2-HSCsH,CO,H (II) and BZSH (D)
decreased in the order: IIf > II>] The excellent inhibitive action of III
was attributed to chemisorption at the cathodic sites. Desai, Patel and
Shah®® found that cyclohexanol, cyclohexanone and cyclohexylamine act
as corrosion inhibitors for aluminium alloy in hydrochloric acid solution.
Ramakrishnaiah and Subramanyan®®” studied the inhibition of aluminium
corrosion in IM HCI and 0.]JM NaOH. They found that, the inhibition
occur only in the HCl-Amino acid system, this was attributed to the
existence of cationic form of the amino acids RCH(I:TFH3)C02H which

becomes adsorbed on the negatively charged aluminium surface.




11

Desai, Shah and Deasi®® studied aniline and its mono- and
di-N-substituted amines as corrosion inhibitors for aluminium alloys in
hydrochloric acid solution. They found that the values of activation energy
in the presence of inhibitors are lower than those in uninhibited 1IN HC,
the difference effect is positive in inhibited 2N HCI but negative in
uniphibited 2N HCL. Talati and Gandhi®**” and Patel, Pandya and Lal®*?
studied the inhibition of the corrosion of Al-Cu alloy in HCI solution by
some organic compounds such as N-heterocyclic compounds, some dyes
and toluidines. They found that the efficiency of the N-heterocyclic
compounds as inhibitors increased in the order 4-picoline < 3-picoline <
2-picoline < pyridine < piperidine < acridine while for toluidines
compounds, increases as: p-toluidine < o-toluidine < m-toluidine. Yadav,
Chaudhary and Agarwal®® studied aliphatic amines as corrosion inhibitors
for aluminium alloys in an acidic chloride solution of pH = 1 in the
presence and absence of tungstate ions. They found that, the inhibitive
efficiency decreases in the order: ethanol amine > diethanol amine >
tricthanol amine, and these three amines are partially effective on the
anodes while predominantly inhibit the cathodic reaction. Abo-El-Khair
and Mostafa™ studied the inhibitive effect of N-vinyl pyrrolidone and
ploy-N-vinyl pyrrolidone on the dissolution of aluminium in 1.15 N HC1
solution. They observed that the percent inhibition of aluminium increases

with the increase of inhibitor concentration approaching complete

protection (95 %) at 44°C for N-vinyl pyrrolidone.

Abd El-Nabey, Essa and Shaban” studied phthalazine derivatives
as inhibitors for the acid corrosion of aluminium. They found that, these
compounds are cathodic inhibitors and the efficiency of the inhibitor

decrease with increase in the number of carbon atoms in the sugar moiety
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of the molecule. Talati and Daraji'™’ found that the inhibitive efficiency of
triphenyl methane dyes for Al-Mg alloys in hydrochloric acid solution
increases with the rise in temperature, and the inhibitors act as cathodic
type inhibitors. Fouda et al.“**” studied the inhibition of the dissolution of
aluminium in hydrochloric acid using weight loss, thermometric and
galvanostatic methods. They found that biacetyl monoxime hydrazone
derivatives inhibited both cathodic and anodic reactions. They suggested
that the adsorbability of some P-diketo compounds mvestigated as
inhibitors is dependent on the basicity of the oxygen and nitrogen sites
involved. They also found that the activation energy of the dissolution
reaction increases with decreasing acid concentration and increasing

mhibitor concentration.

In recent years new data have been obtained on the pitting corrosion
of aluminium due to the presence of chloride ions in different aqueous

@39 Generally, local corrosion attack can be prevented by the

solutions
action of adsorptive inhibitors which prevent the adsorption of the
aggressive anions, and by the formation of a more resistant oxide film on
the metallic surface®™. A number of organic compounds have been
introduced as aluminium corrosion inhibitors in acidic media(SG’_m.
Investigation of various aliphatic and aromatic amines as well as nitrogen-

186D showed that their inhibitory action is

heterocyclic compounds(
connected with several factors such as;

(1)  The structure of molecules.

(i) The number and type of adsorption sites.

(it)) The distribution of charge in the molecule.

(iv) The type of interaction between organic molecules, and the

metallic surface.
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A number of organic compounds are aiso described as aluminium
corrosion inhibitors in neutral and acidic media, the majority being
nitrogen-containing compounds®*%** recently, Isobe et al.*® have shown
that the addition of benzotriazole or 8-hydroxyquinoline is effective for
preventing pitting corrosion of aluminium alloys. The latter compound is
able to form insoluble chelates and it is used successfully to protect iron®®”,

zinc®® and copper®.

In a previous study™

we showed that 8-hydroxyquinoline and
benzotriazole are two effective corrosion inhibitors for a 2024 aluminium
alloy, mainly in the cathodic range. The mixture of the two compounds
presents a synergistic effect for the corrosion protection of this alloy over
both anodic and cathodic ranges. The action of benzotriazole is mainly
limited to the copper-rich intermetallic compounds which are responsible

for the degradation of the alloy.

Garrigues et al’" studied the corrosion inhibition of pure
aluminium in acidic solutions containing 8-hydroxyquinoline. They
investigated that does not modify the corrosion mechanism of aluminium.
This result is explained by the solubility of the aluminium chelate in acidic
media. The influence of benzotriazole on the efficiency of anodizing of
Al-3.5wt.%Cu alloy at constant current density in 0.1M ammonium
pentaborate electrolyte has been investigated by paez et al."®. They found
that the addition of benzotriazole to this solution significantly increases the
efficiency of anodic film growth. El-Warraky et al.™ studied the
synergistic effect between either benzotriazole or thiourea and iodide ions

to retard the dissolution of Al-bronze alloy in deaerated solution of

acidified 4% NaCl of pH 1.8-2 at 60°C. This is shown by the weight loss




and polarization techniques. lodide ions alone has no effect on the
dissolution of the alloy but addition of 100 ppm KI to 300 ppm of both
benzotriazole and thiourea improved the inhibition efficiency to 92% and
78.8%, respectively, and also decreased the anodic current density in both
media. Adsorption of benzotriazole on the Al surface was studied by
Popova et al™ at 150 and 293 K. They investigated the thermal stability
of the adsorbed layer. The temperatures adsorption resuits in the
production of a thick condensed layer of benzotriazole.  Strong
intermolecular hydrogen bonds are observed, with increasing sample

temperature, the benzotriazole molecules diffuse into the Al pore structure,

Substituted N-arylpyrroles containing carbaldehyde groups on a
pyrrole ring and their inhibitive effects on the corrosion of aluminium in
perchloric acid were investigated by Metikos-Hukovic et al.”>. They

showed that the organic compounds examined had inhibiting properties at

40°C. The high inhibition effect of the N-aryl-2,5-dimethy]l pyrroles
containing carbaldehyde groups on a pyrrole ring on corrosion of Al in
acidic media was explained on the basis of the electronic structure of the
molecule and by the condensation characteristic of the carbaldehydes. The
adsorption behaviour of triethanol amine on aluminium and its allgys
covered with naturally formed oxide films in acidic 0.5M NaCl solution

was investigated by Hukovic and Babic®®.

The results of polarization
measurements show that in all cases the addition of triethanol amine
induces a decrease in the cathodic currents without affecting the anodic
polarization behaviour and accordingly the investigated inhibitor can be

treated as a cathodic type inhibitor.

The  effect of 1,10-phenanthroline, bathophenanthroline ,
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bathophenanthroline disulphonic disodium salts hydrate, 2,2 -bipyridyl and
2,4,6-tris(2-pyridyl)-1,3,5-triazine and their complexes with Cu?* and Fe**
ions on the corrosion of pure aluminium and its alloys in 1M HCI solution
was studied by El-Sayed™ using electrochemical impedance spectroscopy.
He found that the free inhibitors are found to be predominantly anodic type
of pure Al and cathodic of its alloys. The adsorption of most inhibitors is
also found to obey Langmuir’s adsorption isotherm, thereby indicating that
the main process of inhibition is by adsorption. Addition of most
investigated additives as a c.omplex with Cu®* and Fe*' ions enhances
efficiency of pure Al particularly at cathodic potential and of its alloys at

anodic potential. The inhibiting effect of benzotriazole on the corrosion of
a-Al bronze (Cu-7% Al) in 3.4% NaCl was studied by Ashour et al."”,

The investigated additive showed good inhibition effects on the anodic
dissolution of Cu than on the cathodic reduction of oxygen. Itis also
shown that the interaction of benzotriazole with a Cu,O-covered alloy
surface is faster than on reduced alloy surface, although the protection

efficiency on the latter is slightly better than on the former.
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THE AIM OF THE PRESENT WORK

The study of the corrosion of aluminium and its alloys is a subject of
pronounced practical significance because they find widespread
applications in many industries. The use of inhibitors is one of the most
practical methods for protection against corrosion, especially in acidic
media. The progress in this field has phenomenal in recent years and is
bomn out by the output of literature. Acid solutions are generally used for
the removal of rust and scale in several industrial processes. Inhibitors are
generally used in these processes to control the metal dissolution, HC1 and
H;S0, are widely used in the pickling of aluminium and its alloys. Most of
the well known acid inhibitors are organic compounds containing nitrogen,

sulphur and oxygen atoms.

The present work is devoted to study the inhibiting action of a new
organic compounds containing nitrogen, sulphur and aromatic rings on the
corrosion of aluminium and its alloys in HCI, H,SO,4 and HCIQ, solutions
using current density-potential measurements under galvanostatic

technique.

The trend of study to be carried out in the present work involves the

following points:

1)- Investigation and comparison of the inhibiting action of heterocyclic
compounds containing nitrogen atoms such as: Adenine, Adenosine
and Pyrrole derivative on the corrosion of the pure aluminium and the

investigated aluminium-alloys in HCI, HC104 and H,SO; solutions.
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2)- Effect of heterocyclic compounds containing nitrogen atoms such
as:  3-mercapto-4-phenyl-5-4-pyridyl-1,2,4-triazole, 3-mercapto-4-
phenyl-5-p-tolyl-1,2 4-triazole and  3-mercapto-4-phenyl-5-p-
nitrophenyl-1,2,4-triazole on the electrochemical and corrosion
behaviour of pure aluminium and its investigated alloys in the above
mentioned acids solutions has been studied. The objective of the
investigation was to study the effect of various aryl groups attached to
five position of triazole derivative (4-pyridyl, p-tolyl and p-
nitrophenyl) on corrosion of Al and its investigated alloys in acidic

solutions.
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EXPERIMENTALL

Aluminium and aluminium alloys specimens:

Alyminium specimens were cut from specpure aluminium rods
(99.999% Johnson Matthey, London). The aluminium alloys were

provided from the Egyptian aluminium Company, and have the following

composition by wt.%:

All the measurements were performed on a planar disk electrodes
(A= 0.277cm?), of both pure aluminium and its alloys. The aluminium and
its alloys were prepared by cutting the rod and setting it in an Araldite
holder.

Prior to each experiment the electrode surface was polished with
successive grades of emery paper, degreased in absolute ethanol
(AR grade), and finally washed in running distilied water before being

inserted in the polarization cell.

Prior to each electrochemical measurement, the electrode was

activated by cathodic polarization inthe used-electrolyte solution at 1 mA
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for 5 min. with vigorous hydrogen evolution to remove any surface
contamination and air formed oxide and then it was left for 60 min. (after

the current was switched off) in the solution to reach a steady state open

circuit potential (Eocp).

A platinum sheet and a saturated calomel electrode were used as the

counter electrode and reference electrode, respectively.

Electrolytic cell:

Galvanostatic polarization experiments were carried out in a cell
shown diagrammatically in Figure (1), it is made of Pyrex glass without
any rubber connections. It consists ofa vessel of about 250 ml capacity
provided with a three openings. Two of these are used for fitting the
working electrode and the platinum counter electrode (platinum sheet
2cm x Iem). The latter electrode is fitted into a compartment separated
from the main bulk of the electrolyte by means of a G-4 sintered glass disc
to effect the separation of the anode and cathode compartments. The
potential of the working electrode was measured relative to a saturated
calomel electrode, which is also separated from the main ¢lectrolyte
through sintered glass disc. The end of the reference electrode was
¢longated in the form ofa Haber-Luggin capillary, which was placed at a
distance of about 0.1mm from the working electrode. The electrolytlc cell
was cleaned before each run by chromic/sulphuric mixture at 80°C for at
least four hours and then left over night. After sucking out the cleaning
mixture the cell was then washed with double distilled water, methanol and

a little amount from the used-electrolyte solution.
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Equipments for potential measurements:

Anodic and cathodic galvanostatic polarization experiments were
carried out on aluminium and its alloys in three different acids solutions

with and without the addition of organic compounds as inhibitors.

In the galvanostatic polarization runs, the potentials were measured
with the aid of a digital potentiometer (BBC, GOERZ METRAWATT,
MADSD), using a saturated calomel electrode (SCE) half cell. The current
was applied from a PASCO Model SF-9586 KILOVOLT power supply

which was connected in series with a digital multimeter Model YF-3502.

All galvanostatic polarization experiments were carried out in an

electrolytic cell which will be describe elsewhere.

The measurements for the galvanostatic cathodic polarization to be
reported here were obtained in descending direction of current density
(starting with the higher current density). It was observed by Vijh"® that
data in descending direction were more reproducible than those inthe
ascending direction. During measurements the current density was varied
in the range 36 pA/cm’ to 360 uA/cm’ for pure Al and 180-1260 pA/cm?
for its alloys. On using the galvanostatic technique to study the corrosion
behaviour of pure aluminium and the investigated alloys without profound
changes in the spontaneously formed oxide, the quasi steady state method
was used””. In this method the value of the electrode potential after
approximately one minute was recorded. Vijh™ found that the time
required for the steady state values of potential ranges from 2-30 minutes.

For studying the inhibitive action of some organic compounds on
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the corrosion of aluminium and some Al-alloys in 0.5M solutions of HCI,
Hy504 and HCIQ,, the steady state method for galvanostatic cathodic
polarization was used in this investigation.  All experiments were
conducted after attaining steady state open circuit corrosion potentials‘in

the examined solutions.

All the measurements were carried out at a definite constant

temperature, namely 25+1°C, and each measurement was repeated until

reproductbility of results was satisfactory.

Corrosion currents (icor.) Were determined by extrapolation of the
cathodic Tafel curves to the corrosion potential (E.,y ), Tafel parameters for

hydrogen evolution reaction were obtained directly from the Tafel plots.

Electrolytes:

a. acids solutions:

A stock of 0.5M solutions of HCI, HCIO,4 and H,S0, were prepared
by dilution of the Analar reagent grade concentrated acids to one liter.

b. corrosion inhibitors solutions:

Adenine, adenosine, pyrrole derivative and triazole derivatives were
used as additives, (corrosion inhibitors), the structures of the inhibitors are

given in Table (1).
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Table(1): The investigated organic compounds used as inhibitors.

C. preparation and purification of some organic compounds used as
inhibitors: = ‘

¢.1. preparation of 3-amino-A-cyano-2-venzoyi-N-phenyl pyrrole:.

To 5gm of anhydrous potassium carbonate in 80 ml dry dioxane was
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added, an equimolar ratio (0.2 mol) of anilinométhylene malononitrile and
phenyl bromide with stirring. The reaction mixture was treated with a
catalytic amount of tetrabuty! ammonium bromide (TBAB). The reaction
mixture was stirred for 4h at 25-30°C. The mixture was filtered, the filtrate
washed thoroughly with water, dried over MgSQO, and evaporated in
vaccuo.

The residue was washed with water, and crystallized from ethanol to give

50.06gm (88%) of this compound, m.p. 225°C*?.

C.2. preparation of triazole derivatives:

Ph—CONHNH, + Ph~N=C=§ 20N ___ pr ONHNH~C~NPh
. reflux 2hr, Il
Hydrazide S f{

N — 2
T, — i ted
p I}I SH “P I‘?I felf_lllzoé 2hr,

Ph Ph

Benzoic acid hydrazide (0.25mol, 34gm) and phenyl isothiocyanate
(0.25mol, 30ml) in benzene (150 ml) were refluxed for 2hr. The solvent
was evaporated till dryness, then sodium hydroxide (0.3mol, 12 gm) in
water (150 ml) was added and was heated under reflux for 2hr. The
reaction mixture was cooled and dilute HC1 was added drop by drop, then
4,5-diphenyl-3-mercapto-1,2 4-triazole was formed, crystallized from
dioxane. Yield 95%, m.p. 289°C®Y,

However, adenine and adenosine are reagent grade (Merck) and

used without further purification.
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d. preparation of solutions of the organic compounds:

the inhtbitive solution was prepared by dissolving the appropriate
amount by weight in 10 ml B.D.H. methanol. The desired volume of the
inhibttor solution was added to the electrolyte by means of a graduated
micropipette. All inhibitors are completely soluble in the used

concentrations, no suspensions were employed.




it
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RESULTD

1. Effect of some organic compounds on the electrochemical
and corrosion behaviour of aluminium and its alloys in
0.5M solutions of HCI ,HCIO,and H,S0,.

1.1. Tafel lines for cathodic hydrogen evolution reaction:

Cathodic overvoltage (M. values were obtained by substracting the
reversible hydrogen electrode potential from the steady state values
attained at each cathodic current density. Values of M. at different current
density from 36-360 pA/em® for pure Al and from 180-1260 pA/em? in
case of Al-alloys in the investigated acids solutions as well as those
containing various concentrations of adenine, adenosine and pyrrole
derivative within the concentration rangel10°-10 M of pyrrole derivative
and 10°-107 M in case of adenine and adenosine are given in Tables 2-10.

On the other hand, all Tafel lines seen to be run parallel to each other.

Tafel lines for hydrogen evolution reaction (h.e.r.) at both Al and its
alloys in the presence of the investigated organic additives are shown in
Figs.2-19. These curves indicate that 7|, is a linear function of the

logarithm of current density (c.d.) for the current density ranging from

36-360uA/cm” for pure Al and from 180-1260 pA/em? for its alloys.

These results also indicate that 1)_values for pure Al and alloy II are
increased in the negative direction in the presence of Adenine, Adenosine

and pyrrole derivative within the examined concentration range in all
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investigated acids solutions. On the other hand, 1)_ values in case of alloy I
are increased in the negative direction in the presence of adenine and
adenosine only in H,SO4 and HCl. 1y, values for alloy I are shifted in the
positive direction (decreased in 1), ) in the presence of pyrrole derivative in
H,S0,4 and HCI solutions and at higher concentration only (10* M)in
HCIO,. The data exhibited that adenine and adenosine have influence to

decrease 11, value of alloy I at all examined concentrations in HCIOj.
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Figure (2): Cathodic Tafel lines for pure alumimum in 0.5 M HCl

solution in presence of adenine.
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Figure (3): Cathodic Tafe! lines for Al-alloys in 0.5M HCl solution
in presence of adenine.
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solution in presence of adenine.
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Figure (10): Cathodic Tafel lines for pure aluminium in 0.5 M HCIO,
solution in presence of adenosine.
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Figure (11): Cathodic Tafel lines for Al-alloys in 0.5 M HCIO,

solution in presence of adenosine.
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Figure (13): Cathodic Tafel lines for Al-alloys in 0.5 M HCIO,
solution in presence of 3-amino-4-cyano-2-benzoyl-
N-phenyl pyrrole.
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phenyl pyrrole.
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1.2. Parameters for hvdrogen evolution reaction:

Tables 11-19 show the parameters for hydrogen evolution reaction
(h.e.r) at both Al and its alloys in 0.5M solutions of HC1, HC1O4 and H,SOq4
as well as those containing various concentrations of adenine, adenosine

and pyrrole derivative.

The parameters for hydrogen evolution reaction include Tafel
slope (b:) and transfer coefficient (o). It is seen that values of the Tafel
slope (be) and transfer coefficient (o) for hydrogen evolution reaction at
both Al and its alloys approximately the same in the absence and presence
of all investigated organic compounds. Values of (b,) range from 146 to183
mV for pure Al and from 129 to 166 mV for alloysIand II. Transfer
coefficient values range from 0.330 to 0.404 for pure aluminium while

those of its alloys are ranging from 0.355 to 0.457.

1.3. Open circuit corrosion potential ( Ecort):

Steady state open circuit corrosion potentials (E.orr.) for Al and its
alloys were measured in pure 0.5 M solutions of HCI, HC1O, and H,SO4 as
well as those containing various concentrations of adenine, adenosine and
pyrrole derivative. These values are given in Tables 11-19. From these
Tables, it can be seen that the value of Ecy is shifted in the positive
direction in the presence of the investigated organic compounds. The
potential shift increases with the increase in the concentration of the
additive. For the same concentration of investigated organic compounds,
the positive shift in E. in H;SO,4 solution increases in the order:

- Adenosine < Adenine < Pyrrole derivative.
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1.4. Corrosion currents { I ... ):

Corrosion currents (icor.) Of both Al and its alloys in 0.5 M solutions
of HCl, HCiOs and H,SOs in the absence and presence of various
concentrations of organic compounds are determined by the method
described by Kaesche and Hackerman®'’by extrapolation back of the

cathodic polarization curves to open circuit corrosion potential.

Cathodic polarization curves are used rather than anodic
polarization curves for several reasons: Anodic dissolution may be
nonuniform because of differences in individual corrosion rates of various
crystal face. Also, with increased dissolution of the metal, the surface
changes in an underfined manner so that the geometrical surface area is no

longer a good approximation of the true surface area.

Corrosion currents (nA/cm?®) determined by the above mentioned
method, in 0.5 M solutions of HC1, HCIO, and H,SO, and those obtained in
the presence of the investigated organic compounds at concentrations
ranging from 10°-10* M of pyrrole derivative and from 10°-10" M in case

of adenine and adenosine are given in Tables 11-19.

From these results it is seen that all investigated organic compounds
(except pyrrole derivative in case of alloy I) in HCI solution decrease the
corrosion current of both Al and its alloys. With one and the same series of
compounds, the maximum decrease in corrosion current is attained with
adenosine. Similar behaviour is observed for pure Al in HCIO, in the
presence of all investigated compounds. For alloy I the corrosion current

decreases only in the presence of pyrrole derivative at lower
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concentrations, while the higher concentration (10“M) has influence to
increase the corrosion current. For alloy II, the mmvestigated compounds
exhibited decrease in corroston current in HCIO, solution. The maximum
decrease in corrosion current is attained with pyrrole derivative. All the
investigated compounds (except alioy 1 in the presence of pyrrole
derivative) have influence to decrease the corrosion current of pure Al and
its alloys in HySO, solution. Pyrrole derivative showed an increase in the

corrosion current for alloy I in the same investigated acid solution.

1.5. Inhibition efficiency:

The inhibition efficiency expressed as percent inhibition (% I)is
defined as:

%Izlunmh. =1 mh. < 100 3)

1 uninh,

where 1ymn and 1y, are the uninhibited and inhibited corrosion currents.
The inhibited corrosion currents are those determined in the presence of the

various organic compounds used in this investigation and can be

- considered as corrosion inhibitors. The uninhibited corrosion currents were

determined in pure (inhibitor free) 0.5 M solutions of HCI, HCIO4 and
H,SO4 under the same conditions of temperature (25°C). Values of the
inhibition efficiency in the presence of the various organic éompounds
within the concentration range 10°-10“ M in case of pyrrol'e'derivative and
10°-10° M in case of adenine and adenosine are given in Tables 11-19
together with E.,, and i, values. These results show that all the

investigated additives (except pyrrole derivative for alloy I) in HCI solution



increase the inhibition efficiency as the inhibitor concentration is increased.

But pyrrole derivative shows negative values of % I on alloy 1.

The data show that for all studied organic compounds on pure Al,
the inhibition efficiency increases with the increase of the inhibitor
concentration in HCIO, solution. However, % I increases of alloy 11 as the
adenine concentration is increased, while in the presence of pyrrole
derivative and adenosine, %Il increases as the concentration of additive is
increased only at lower concentrations, but at higher concentration of
adenosine (10° M) it decreases. For alloy I in HCIO,, the addition of
investigated organic compounds (except pyrrole derivative) has negative
influence on inhibition efficiency. The inhibition efficiency increases
(except pyrrole derivative in case of alloy I) as the concentration of all

studied organic compounds is increased in H,SQ; solution.

1.6. Change in overpotential of cathodic hydrogen evolution ( An,):

The addition of investigated organic compounds has influence to
increase the value of Az in the negative direction and the value increases
with increasing the concentration of the inhibitor in all investigated acids
solutions on pure Al and alloy II. The values of A7y, at different examined
additives on pure Al are higher than those of alloy II under the same
conditions. In case of alloy I, addition of all investigated organic
compounds (except pyrrole derivative at lower concentratidlis, 10°-5%x10°
M) has influence to increase the values of Az, in the positive direction in
HCIO4.  Such positive shift increases with the increase in concentration of

adenine and adenosine. Also, Ay values increase in the positive direction
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with increasing the concentration of pyrrole derivative in both HCl and

H,SQO;4 solutions on alloy 1.

1.7. Parameters for anodic dissolution reaction (An,):

Tables 11-19 show the parameters for anodic dissolution reaction at
both Al and its alloys in 0.5 M solutions of HC1, HC1O4 and H,SO; in the
absence and presence of various concentrations of pyrrole derivative,
adenine and adenosine at concentrations 10°-10* M of pyrrole derivative

and 10°-10" M of both adenine and adenosine.

These parameters include Tafel slope (b,) and change in
overpotential of anodic dissolution (A77,). It is observed that values of the
Tafel slope (by) at both Al and its alloys approximately the same in the
absence and presence of all investigated organic compounds. Values of (b,)
range from 148-158 mV for pure Al, 59-79 mV for alloy I and 46-65 mV
for alloy II in H,SO4 solution. 132-164 mV for pure Al, 61-89 mV for
alloy Iand 28-42 mV for alloy II in HCIQ, solution. 76-87 mV for pure Al,
47-59 mV for alloy I and 26-32 mV for alloy 1I in HCI solution.

The same above mentioned Tables show the values of A7, in the
presence of the investigated compounds. It is seen that the most values
of A7 increase with increasing the concentration of all investigated

compounds in the studied acids solutions.

1.8. Adsorption isotherm:

For primary interface inhibition, the degree of coverage (8qy) is
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given by equation:;

Iuninh. - [inh,
gorg. — unin 1 (4)

7 uninh.

and agree with the value of %I given by equation(3), values of Oorg
determined by equation(4) are recorded in Tables 11-1 9. From these values
C/6 plotted against C (mol/L)of various organic inhibitors at 25°C are
shown in Figs.20-28 straight lines are obtained. These can be considered as
the adsorption isotherms for such organic inhibitors at both Al and alloys I

and 11 in the investigated acids solutions,
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Figure (20): adsorption isotherm for adenine on pure Al and its alloys
in 0.5 M HCI solution.
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Figure (21): adsorption isotherm for adenosine on pure Al and its
alloys in 0.5 M HCl solution.
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Figure (22): adsorption isotherm for 3-amino-4-cyano-2-benzoyl-N-
phenyl pyrrole on pure Al and its alloys in 0.5 M HCI
solution.
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Figure (23): adsorption isotherm for adenine on pure Al and its alloys
in 0.5 M HCIQ, solution.
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Figure (24): adsorption isotherm for adenosine on pure Al and its
alloys in 0.5 M HCIO; solution.
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Figure (25): adsorption isotherm for 3-amino-4-cyano-2-benzoyl-N-
phenyl pyrrole on pure Al and its alloys in 0.5 M HCIO,
solution.
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Figure (26): adsorption isotherm for adenine on pure Al and its alloys

n 0.5 M H,SO, solution.
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Figure (27). adsorption isotherm for adenosine on pure Al and its
alloys in 0.5 M H,SO, solution.
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Figure (28): adsorption isotherm for 3-amino-4-cyano-2-benzoyl-N-
phenyl pyrrole on pure Al and its alloys in 0.5 M H,SO,
solution.
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2. Effect of some triazole derivatives on the electrochemical
and corrosion behaviour of both pure aluminium and its
alloys in 0.5 M solutions of HCI, HCIO,; and H,S0,.

2.1. Tafel lines for cathodic hydrogen evolution reac_tion:

Tables 20-28 show the wvalues of T, for (h.er) at both pure
alaminium and its alloys in 0.5 M solutions of HC], HC1O, and H,SO, and
those containing  3-mercapto-4-phenyl-5-4-pyridyl-1,2 4-triazole,3-
mercapto-4-phenyl-5-p-tolyl-1,2,4-triazole and 3-mercapto-4-phenyl-5-p-
nitrophenyl-1,2,4-triazole within the concentration range 10°-107 M.
These values are obtained at current densities ranging from 36-360 pA/cm?

for pure aluminium and from 180-1260 pA/em® in case of Al-alloys.

From these results it is seen that 3-mercapto-4-phenyl-5-4-pyridyl-
1,2,4-triazole increases the value of 1), of pure Al and its alloys in HCI
solution up to 5x10° M. However at higher concentration (10% M) it
decreases (shift in the positive direction). It is found that 1), increases with
increasing concentration of 3-mercapto-4-phenyl-5-p-tolyl-1,2 4-triazole in
HCI solution for pure Al and its investigated alloys. But, the value. of
1, decreases relatively only at higher concentrations (at 5x107° and 10“*M
in case of alloy I and at 10™* M in case of alloy ) of 3-mercapto-4-phenyl-
5-p-nitrophenyl-1,2 4-triazole in HCI solution of Al-alloys.

3-mercapto-4-phenyl-5-4-pyridyl-1,2 4-triazole increases the value
of 1, at pure Al and alloy II, but it has no effect on such value (except
10° M) in case of alloy I in HCIO, solution. It is observed that value of M.
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Increases as an increase in concentration of 3-mercapto-4-phenyl-5-p-tolyl-
1,2,4-trtazole in HCIO4 solution of pure Al and alloy II, but it decreases
(sharply shifted in the positive direction ) in case of alloy . 3-mercapto-4-
phenyl-5-p-nitrophenyl-1,2 4-triazole increases the value of M, for pure Al
and its investigated alloys at all examined concentrations in HCIO,

solution,

In H,SO4 solution, all investigated triazole derivatives showed an
increase of T, value of pure Al and its investigated alloys, and 1}, value
increases with increasing concentration of the inhibitor. The extent of
increase 1s greater at pure Al in the presence of all examined additives than

of alioys I and II.

Tafel hines (n-log c.d. relation) for h.er. at both pure Al and its
alloys in 0.5 M solutions of HCl, HCIO, and H,SO;, in the absence and
presence of the investigated triazole derivatives within the concentration

range 10°-10* M are shown in Figs.29-46.

From these curves, it is observed that 1), is alinear function of
log c.d. for the current density range 36-360 pA/cm” for pure Al and from
180-1260 pA/cm’ for its alloys. In most cases Tafel lines wither they are
shifted in the positive or negative direction run parallel to each other. In all
cases, the increase in 1, is greater for pure Al than for its alloys at the same

concentration of triazole derivative.
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Figure (29):. Cathodic Tafel lines for pure aluminium in 0.5 M HCl
solution in presence of 3-mercapto-4-phenyl-5-4-
pynidyl-1,2 4-triazole.
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Figure (30): Cathodic Tafel lines for Al-alloys in 0.5M HCl solution
in presence of 3-mercapto-4-phenyl-5-4-pyridyl-1,2,4-

triazole.
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Figure (31): Cathodic Tafel lines for pure aluminium in 0.5 M HCI
solution in presence of 3-mercapto-4-phenyl-5-p-
tolyl-1,2,4-triazole.
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Figure (32). Cathodic Tafel lines for Al-alloys in 0.5M HCl solution
in presence of 3-mercapto-4-phenyl-5-p-tolyl-1,2,4-

triazole.
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Figure (33): Cathodic Tafel lines for pure aluminium in 0.5 M HCI
solution in presence of 3-mercapto-4-phenyl-5-p-
mtrophenyl-1,2,4-triazole.
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Figure (34): Cathodic Tafel lines for Al-alloys in 0.5M HCI solution
in presence of 3-mercapto-4-phenyl-5-p-nitrophenyl-

1,2,4-triazole.
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Figure (35): Cathodic Tafel lines for pure aluminium in 0.5M HCIO,
solution in presence of 3-mercapto-4-phenyl-5-4-pyridyl-
1,2,4-triazole.
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Figure (36). Cathodic Tafe! lines for Al-alloys in 0.5 M HCIO,
solution in presence of 3-mercapto-4-phenyl-5-4-

pyridyl-1,2 4-triazole.
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Figure (37): Cathodic Tafel lines for pure aluminium in 0.5M HCIO,
solution in presence of 3-mercapto-4-phenyl-5-p-tolyl-
1,2,4-triazole.




99

Log ¢.d. (nA/em?®)

v  (Pure) alloy 1
1804 . (0°m
o (10°M)
5
w140 4 T (5x107 M)
2 o (10*M)
=)
£ 100
=
80 -
h
20 T L] T T
2 22 2.4 26 2.8 3.2
Log ¢.d. (uA/em®)
300
« (Pure) | lapey 11
(10° M)
250 4] *
e (10°M) /u"’r{
w200 ) ® (5x10° M)
3 o (10*M) P
S 150 - //
E
= /
' 100 4
r/""""
AT
50 -
0 T T T 1
2 2.2 2.4 2.6 2.8 3.2

Figure (38): Cathodic Tafel lines for Al-alloys in 0.5 M HCIO,
solution in presence of 3-mercapto-4-phenyl-5-p-tolyl-
1,2 4-triazole.




100

450

" (pure)
A (10°M)
400 4] » (10° M)

(5x10° M)

350 -

150

- (mV) SCE
P o
[ ] o
O
. _

100 -+

50 -

1.5 1.7 1.9 21 23 25 2.7
Log c.d. (;LAlcm2 )

Figure (39). Cathodic Tafel lines for pure aluminium in 0.5 M HCIO,

solution in presence of 3-mercapto-4-phenyl-5-p-
nitrophenyl-1,2 4-triazole.
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Figure (40): Cathodic Tafel lines for Al-alloys in 0.5 M HCIO,

solution in presence of 3-mercapto-4-phenyl-5-p-
nitrophenyl-1,2 4-triazole.
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Figure (41): Cathodic Tafel lines for pure aluminium in 0.5M H,S0,
solution in presence of 3-mercapto-4-phenyl-5-4-
pyridyl-1,2 4-triazole.
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Figure (42): Cathodic Tafel lines for Al-alloys in 0.5M H,SO,
solution in presence of 3-mercapto-4-phenyl-5-4-
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Figure (43): Cathodic Tafel lines for pure aluminium in 0.5M H,SO,
solution in presence of 3-mercapto-4-phenyl-5-p-tolyl-
1,2 4-triazole.
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Figure (44): Cathodic Tafel lines for Al-alloys in 0.5 M H,S0,
solution in presence of 3-mercapto-4-phenyl-5-p-tolyl-

1,2,4-trazole.
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Figure (45): Cathodic Tafel lines for pure aluminium in 0.5 M H,SO,
solution in presence of 3-mercapto-4-phenyl-5-p-
nitrophenyl-1,2.4-triazole.
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Figure (46). Cathodic Tafel lines for Al-alloys in 0.5 M H,SO,
solution in presence of 3-mercapto-4-phenyl-5-p-
nitrophenyl-1,2 4-triazole.
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2.2. _Parameters for hydrogen evolution reaction:

Values of the slope of the cathodic Tafel lines (b;) and transfer
coefficient (o) for h.e.r. at both pure Al and its alloys in the presence of the
investigated triazole derivatives within the concentration range 10°%-10* M
are given in Tables 29-37. The data obtained for triazole derivatives show
that the presence of such compounds within the investigated concentration
range slightly affected the values obtained in pure 0.5 M solutions of HCI,
HCIO4 and H,S0,. Values of the Tafel slope for h.er. at the pure Al
cathode in the presence of triazole derivatives at all examined
concentrations a mount to —160 + 20 mV. The corresponding values of b,
in case of Al-alloys amount to -150 + 15 mV. Values of « (transfer
coefficient) in case of Al in the presence of such organic compounds range
from 0.33 to 0.38 for pure Al, and from 0.34 to 0.44 for its alloys in the

investigated acids solutions.

2.3. Open circuit corrosion potentials:

The values of open circuit corrosion potentials of Al and its alloys in
the absence and presence of various concentrations of triazole derivatives
in 0.5 M solutions of HCl, HCIO, and H,SO; are given in Tables 29-37. It
is observed that the value of E., for pure Aland its alloys shifts in the
positive direction in the presence of all investigated triazole compounds in
all ivestigated acids solutions. Such positive shift increases with the
increase in concentration of such investigated compounds. The value of the
positive shift in Ec,, is higher for pure Al in HCl solution than for its alloys
at the same concentration of the organic compounds. The phenomenon is

reversed in the presence of the same investigated compounds in both
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HCIO,; and H,SO, solution, that is, the positive shift in By 1S more

pronounced with Al-alloys than with pure Al
2.4. corrosion currents { i o ):

Corrosion currents (icor) for both pure Al and its alloys in the
investigated acids solutions determined as previously described (see part
one) in the absence and presence of triazole derivatives within the

-

concentration range 10°-10 M are given in Tabies 29-37.

From these results it is observed that all investigated compounds
decrease the value of iy, for both pure Al and its alloys in H,SO; solution.
The extent of decrease in iy, increases with the increase in the
concentration of the organic compound. However, 3-mercapto-4-phenyl-5-
p-tolyl-1,2 4-triazole increases icom ©Of altoy 1 in HCIO4 solution and
decreases for pure Al and alloy IL. Although 3-mercapto-4-phenyl-5-4-
pyridyl-1,2,4-triazole does not affect the value of ieor. for alloy I ( except at
10 M), icon decreases with increasing concentration for both pure Al and
alloy II in HCIO4 solution. In HCI solution, 3-mercapto-4-phenyl-5-4-
pyridyl-1,2,4-triazole has influence to decrease icor. up to 5x1 07 M,
however higher value of iy is obtained at 10™ M of both pure Al and its
alloys. icor. decreases with increasing the concentration of 3-mercapto-4-
phenyl-5-p-tolyl-1,2 4-triazole in HCl solution of both pure' Al and its
alloys. ier. decreases as an increase in the concentration of 3-mercapto-4-
phenyl-5-p-nitrophenyl-1,2 4-triazole only of pure Al While, i
decreases for its alloys with increasing the concentration up to 5x10° M
and starts to increase at higher concentration (10*M). However, these

values are still lower than that obtained in the pure medium.
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2.5. Inhibition efficiency:

Values of the inhibition efficiency expressed as %l determined by
equation (3) given in part 1 are recorded in Tables 29-37, together with

values of Ecor and igorr .

All investigated triazole derivatives have higher inhibition
efficiencies of pure Al than of its alloys in H,SOy solution. The inhibition
efficiency increases with increasing the concentration of triazole derivative
in H,SO4 solution of both pure Al and its investigated alloys. In HC1O,
solution, all investigated triazole derivatives, show that for pure Al and
alloy 1I, inhibition efficiency increases as an increase of the inhibitor
concentration. For alloy I, the inhibition efficiency is gradually increased as
an increase in the concentration of 3-mercapto-4-phenyl-5-p-nitrophenyl-
1,2,4-triazole. While, 3-mercapto-4-phenyl-5-p-tolyl-1,2 4-triazole has
influence to increase %I in the negative direction ( catalytic effect ). On the
other hand, with 3-mercapto-4-phenyl-5-4-pyridyl-1,2,4-triazole at lower
concentration (10°M), low %I ( 9% ) is observed, but at higher examined
concentrations, the inhibition efficiencies range from zeroto—1.3 % for
alloy L.

2.6. Change in the hydrogen overpotential reaction:

The values of change in the hydrogen overpotential reaction (An)
of pure Al and its investigated alloys in the presence of various
concentrations from the investigated triazole derivatives in 0.5 M solutions
of HCl, HCIO, and H,SO; are given in Tables 29-37. The data exhibited

that the value of A7y increases in the negative direction as an increase in
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concentration of the investigated triazole derivatives in HSOy solution.
The value of Am, is greater for pure Al than ofits alloys within the
examined concentrations range of the inhibitor. The value of A7 increases
with increasing the concentration of all investigated triazole derivatives for
pure Al and alloy 1I in HCIO; solution. The value of A7, increases in the
presence of  3-mercapto-4-phenyl-5-p-nitrophenyl-1,2 4-triazole , but the
other investigated triazole derivatives have reverse effect, The value of

A1, decreases as an increase in the concentration of the inhibitor at alloy .

In HCl solution, the value of A 77, increases in the negative
direction with increasing of 3-mercapto-4-phenyl-5-p-tolyl-1,2 4-triazole
concentration of both pure Al and its alloys. Similar effects (except at
10™"M of 3-mercapto-4-phenyi-5-4-pyridyl-1,2,4-triazole in case of pure Al,
and at 10*°M of 3-mercapto-4-phenyl-5-p-nitrophenyl-1,2,4-triazole in case
of alloy I) in the presence of the two other studied triazole compounds are

observed.

2.7. Change in the overpotential of anodic dissolution reaction:

The values of change in the overpotential anodic dissolution reaction
( A17,) of pure Al and its alloys in the presence of various concentrations of
triazole derivatives in 0.5 M solutions of HCI1, HC1O, and H,SOy4 are given
in Tables 29-37. It is observed that the value of A7z;, increases in the
positive direction with increasing the inhibitor concentration of all the
investigated triazole derivatives in acids solutions of both pure Al and its
investigated alloys. Greater values of Az are observed in H,SO4 containing
triazole derivatives than in both HCl and HCIO, solutions within the

examined concentrations range (10°-10* M),
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2.8. Adsorption isotherm:

The degree of coverage 0., for compounds having inhibition
efficiencies lying within the range 3-97 % were calculated according to the
method recommended by Fischer ', applying equation (4). Values of Oy,
for triazole derivatives are given in Tables 29-37. Adsorption isotherms

obtained by plotting C/6 versus C for both pure Al and its alloys are shown
n Figs.47-55.




113

670 0Z1 0¢ 8+ - 0SE0 0's¢ €1 SL »01X1
08%°0 €Tl 62 L+ Ls- 5P9°0 b9 1L 0SL 1] £29
080 £21 1€ 9+ 6¢- 0050 008 00T 86L OIXI @@
670 071 13 g+ LT S0¥0 S\ 611 09L o 01X1 S
0S¥y 0 1€1 3 — — — — 002 L9L 0
$9F0 LTt o 0T + - 0170 Tor €L LSL OIXI
PEP 0 0€1 LY g + 1¢- 6510 6 St 99 09L 01X
89¥°0 9ZI ot 9+ 61- 19€°0 1°9¢ 8L 79L (OTXT fo@
80%°0 9Tt LY 7+ - 11€°0 I't€ 8 S9L o-01XT A
0S¥'0 1€1 Lt — — — — A bLL 0
P$H0 0€1 LL 6+ p1- — 8'9¢- £6 068 $-01X1
870 081 9L 8+ 675 8L60 8'L6 Sl 006 01X &
09€'0 91 5L 8 + 807 £€8°0 £cg 0T <06 ¢OTXT %%
£6€°0 oSt 8L S+ bL- 8€€°0 8°€E St L16 o+ OTXT &
LEY'D SEl 9L — — — — 89 76 0

(0) Am°q | (Aw)q A T TR () (oagoyun) | wyywyrl [ (HIS) AW | (W) oﬂ%v
11002 . 791 ® 09¢ 1e a8eroA0) THUCD %o

JoJsuer] sodors 1yeL (Aw) *uy | (Aw)°Uy |  -png 1% ooy wog- | oanppy

'UoBNIOs [DH W §°0 Ul sAoj[e s3f pue
WNiuInfe JO INOIABYSQ UOISOL0d PUB [BOIWSYO0III3]3 94l UO S[0Z8WI- 7| -[ApUAd-{-¢-[Ausyd-p-o1dedtsw-¢ Jo 1007 (62) e19eL




114

8¥°0 wl 6T I+ Is- 890 $'89 £9 8SL #OIXI
80 (44! 14 8+ (A 0reo 8 4% 6 [3:72 OIXE
870 (44 14 9+ pE- ¢0¢°0 £0s 66 oL ¢-01X1 w@%y
6v°0 ¥4 8T v+ LE Sov'0 cov 611 9oL oOTXT A
70 T€1 € —— — — — 00T 9L 0
V0 0T 6v ST+ 911~ 698°0 698 o1 £9L #OTX1
ty'o 91 6y I+ 98- L8L°0 L'3L 9z YoL -01XG
Lv'o 9zl g L+ 145 YA ¢ze 8¢ 9L OIXI w@%y
9’0 6¢l Ly C + 8- LT o TLl 101 ILL o-OIXI Y
o 1€l Ly — — — — ccl YLL 0
9¢°0 991 €8 L+ 16¢- 1L6°0 I'L6 ré 006 y-OTX1
¢e0 L91 8L 9 + Lit- IL6°0 I'Lo [4 €06 OIXE
€0 L91 LL § + 65¢- 160 716 9 ¢16 OTXI .
0 evi €L €+ €S Y6C°0 1A T4 8 816 o 01X &
o GEl LL — — — — 39 76 0
{») AW’q | (Awrq | &V v (0) (oagayun | woyyrl [ (ADS) AW | (W) &
‘o0 : 791 1% 09¢ e aSe1040) “TUOUOD %o\v
Iggsuel], sadojs (e (Aw) *uy | (Aw) °Ly Hng 1% ooy s B ANIPPY
"wonnjos [JH W §°0 Ul sfoffe s)1
PUR WHURURE JO INOTABYD] UOISOII0D PUB [BOIISYOICIINA0 ) UO J[0ZBLI- ‘[ -]A[01-d-§-[Auayd-p-ordeosew-¢ 3o 10309 :{(0f) qeL




115

LY0 A £ g+ ST $65°0 ¢S 63 8YL #OIXI

8t°0 [#A 13 8 + 8~ STL'0 $ZL s§ st OTIXE

LY'0 od| f3 S+ 6¢- $89°0 89 £9 LSL DIXT %@

80 e (A3 €+ s 650 §'¢s 68 09L o OTXI s

SH0 T€1 13 — — — — 002 L9L 0

870 il 9% L+ L 0£T0 0'€T 6 P9L wOIXT

810 bl Ly S+ - L8T0 L'87 L8 L9L OIX¢E

LYO 4| LY r+ Sz~ 070 oy €L 69L OTXT ﬁ%

840 A 99 T+ 81~ 87€'0 8¢ 8 1LL NI A

S$H0 1€1 Ly — — — _— @l vLL 0

9¢'0 91 LL 8+ 181~ 898°0 $'98 6 068 0 IXT

5E'0 691 LL 8 + 91- £68°0 €68 01 $68 OTXE

9¢°0 £91 LL < + 68- 819°0 819 9z 206 (O1XI .

9¢'0 $91 9L € + 1¢- 907°0 90T s 016 S OIXI &

i ¢el 9L — — — —_ 89 76 0

(0) (AW’ | (awtq | V[ oy (6} (oogarqun) | w7 vl {EDS) AW (WD &

00 . 91 m 09¢ & aSerono) "USU0d ‘%owy
Igsuel], sodors 12 (Aw) ®uy | (Aw)°uy | pmg 1% ooy oq- | eanppy

JO InolAeysq UOISOLIOD PUR [EOIUAYOONIOR® Y} U0 ofozei)-p 7 j-[Ausydomu-d-¢g-jAusyd-y-oidesssw-¢  jo wagg {1€) 9[qeL

"GONN[OS [DH I §°0 UT SAOT[E $11 PUE WUy



116

98¢0 €51 LE §T + 8y1- $06°0 7’06 £1 09 +01X1
£8£°0 129 182 ST + 901- S18°0 I8 5T 089 0TXS
16£0 Is1 £y 7T + 6L VL0 1'vL 5S¢ 069 OIXI @/n»
16£0 Is1 I¢ T+ ce- 6150 61§ £9 60L g OIXT &
69€°0 091 8T — — — — el 7L 0
18€0 oy I8 0S 4 6 + 0000 00 8L LOL #OIXI
18€°0 ¢St 9L bl + 6 + €100 €1 LL 0L 01X
18€°0 SS1 bL 6 + I1+ — ¢1- 6L 60L 01T @%
16€°0 151 €L L + o+ 060°0 0'6 1L Z1L s0IXI >
€LEQ 8s1 99 — — — — 8L $TL 0
8LE0 951 961 9¢ + 61 £68°0 £'c8 ¢ 068 +OIX1
$SE°0 991 6¥1 62 + 8<t- £58°0 £68 $ 006 LOIXg
$SE°0 991 L¥1 T+ It~ 9L9°0 9'L9 It 06 OTXI .
1LE0 651 6€1 7+ 8- 9LI0 9Ll 14 16 5-0TXI
€LE°0 8s1 431 — — — — bE $T6 0

(0) Aw®q | (awyvq | /[ oy v (@) [Coagoquy | wojyrt (IS AW| (W) %@
“J[o0d . 791 18 09¢ 18 ageraa0) “TOUOD ‘%o

13JsuBl] sadols [yeL (Aw) Ly | (Aw) by Jng 1% oy g- SALPPY

WNUMINe JO IJNOJARYI] UOISOLICO PUR [EONUSYD0II0[0 9l UO

‘wonn[os *OIOH W §'¢ Ul skoffe si1 pue
9]0z~ 7" -|ApLAd--¢-1Ausyd-p-odesssw-¢ Jo agH  (Z€) dIqEL




SPE0 L1 17 61 + €01~ 8PL'0 8'bL € L89 »OTX1
69€°0 091 o L1+ 8- 9TL'0 9'TL LE 069 O1XE
18€°0 39 o L1+ u- 1890 1'89 £ $69 OIXT @%
LEVO SEl v LT+ g€ £96°0 £9¢ 6$ 00L o OTX1 <
69€°0 091 63 — — — — ¢el rafs 0
1€€°0 8L1 49 9f + 81 + — 9 48! $69 OTXT
£€€°0 LLT L9 9T + 61 + — 008" LIl £0L 01x¢
£€€°0 LL] L9 ol + 97 + — 9'Ts- 611 LOL LOTXI %@
9LEQ LST L9 L+ 7+ — Lt 8 01L GOIXI >

- €£LE°0 86T 99 — — — — 8L 7L 0

- SEE°0 oLT £¢1 17 + 192- 196°0 1'v6 z 06 | +0IX1
€E€°0 LLT L¥] 0T + 6€1- ¥6L°0 V6L L 716 JOTXE
1€€°0 8L Shl ST + is- 6550 6'SS g | L6 OIXT .
SEE'0 9L1 SET 9 + 61- 000'0 0’0 ve 06 5 OTXT o
€LED 851 el — — — -— te 576 0

(0) Am°q | (Awp®q | SV | W v (@ | (oapeyun | woyyr (@D AW (W) &
MGOOQ 9118 09¢ e owa._o.»oU uou0d %.?
Jojsuer], 'sedoys [ayE] (Aw) Buy | (Aun 2y JIng 1% o3y 0%y SANPPY

uonn[os *O[IH W §°0 Wl skojfe sy

PUE WNununje jo JNOIARYIQ UOISO.HOD PUR [BINWUSYDOCIINAR SYI U0 3[0ZeL- [ -]A103-d-5-jAuayd-p-oidessow-¢ Jo 100 (€€) S9BL




¥

1240 op1 124 17+ 1L1- 8960 876 L £99 #OIXI

1€4°0 LE] 8¢ 71+ 9ZI- 968°0 9'68 t1 0L9 LO1%S

1€4°0 LET rh 4 6 + 8- 0080 008 LT 089 OTXT f%p

2P0 ovt 8¢ L+ W $86°0 $'8S 9¢ 769 o OIXT &

69¢°0 091 LT — — — — SET TIL 0

6+€°0 691 I8 vs + $9- L8170 L8y 0P L69 FOTXI

6¥€°0 691 18 ¢ + ts- £7¥0 £ S 10L 01X

6¥<°0 691 8 6 + ye- 8170 817 19 0L (OIXT f%y

6t€°0 691 69 € + 6- €01°0 €01 0L TiL ¢01X1 M

€LE°0 8§T ¢9 — — — — 8L cTL 0

9LED LST 4| LE + $k4 1460 1'v6 z 016 p-OTXT

9LE0 LS 54! 8T + 1¥1- PZ8°0 b'es 9 Z16 01X &

8LE0 9§T 34 17 + AlG SELO $EL 6 916 OTX1 %,o

£8€°0 ST €1 0l + £z- rakay TIr 0T 076 o OIXI S

€LE°0 ST €€l — — — —_ 123 $T6 0

(®) Aw?q | (Awytq | V[ oy () |(ogeym) | wyyd [@ODAw] (W) &

‘H200 701 e 0o¢ e ommuoboo TUAUDD O@
1gjsuer] ‘SadO]S [3FEL (Aw) *uy | (Aw) by Jng 1% oy o | oAmppy i

JO JNOIABY2G UOISOLICD PUB [2OMUSYOONI DY} UO Ifozeln- 7 -jAusydonu-d-g-fiusyd-p-ordesow-¢  jo 100uyyg  (p¢) 9]qeL

wonN|os *OIOH W §°0 UT SLO[[e SIf puE winuruInge



119

€140 £h1 9% 6 + 26- $8L°0 '8 8T 969 #OIXT
EIv'0 221 9 9+ 8- 9vL 0 9L 13 POL P28
E1v'0 Epl 9% v+ 99- $89°0 $'89 1872 61L ¢ O1XT fo/np
£Iv°0 cpl o 7+ Is- ¥$$°0 r'ss 8s €TL o O1XT ¢
LOV'O SHl oF — — — — 0€1 ShL 0
98¢0 £€1 €8 s + 09- 9650 9°¢s 9¢ 8TL -0TX1
98€°0 £€1 78 <P + 8~ 1190 1’19 6t 9€L ;-01XS
98¢0 39! €8 PE + e ¥$T0 'ST v6 oL OIXI f%y
98€°0 £61 Ll ¥Z + 81~ 8£2°0 8'€T 96 493 o OTXT s
Pr¥ 0 £ET 09 — — — — 91 09 0
69€°0 091 IS St + 631~ 1460 16 3 068 -0IXI
6¥£°0 691 IS g 6¥1- 7760 6 t <68 OTXS
P9€°0 91 0s1 S + 601- CL'0 ShL €1 006 cOTXT .
69€°0 091 0s1 Z + - Ly9'0 L'v9 81 06 - 01X1 4
v9€°0 291 051 — —_ — — is ¢16 0
(0) (AW°q | (Am)q | SVl | oy ® |ty | worvd [@IS)AW] (W) &
‘J300 . 91 e 09¢ 12 aderaro)) "0 %o.,v
s3psueL], sadofs e (Aw) *uy | (Aw) by Jang 1% ooy woy. | sanppy

LIURUNTE JO INOIARYSG UOISOLI00 DU [EJIWISYOOIRO Sy} UO I[0ZeLI)-

uonnos *OSUH W §°0 Ul sAoffe st pue

b T T-1ApHAd-p-g-jhuoyd-p-o1desrow-¢ Jo 1agy (s¢) olqel




120

€140 134 8t 61 + 911- 7690 769 17 vIL 4 OIXT

£1F0 €v1 8% 0T + 18- 9t9°0 949 9 €71 ¢OTXS

Si¥°0 rédl o S + ¢ 1234) v'Sp L 0L OIXI m%»
SIv'0 42 9t s + 1- 8070 8°0C €01 092 g OTXT &
LOVO 94 T4 — — - R 0f1 47 0

0Ft 0 pEl 1L g + 18- 8€L°0 8'¢L £¢ 4778 #OIXT

+Tr0 6¢1 0L L+ LY- €490 €49 St 7 01X

1£4°0 LET 8 ¢ + 0¢- 7E5°0 TEs 6§ 0sL O1XT %@
0SH'0 1€l [4: 1+ 8z LSE0 L§s 18 LSL o OTXT >
a2 dl) €€l 8L - —_— — N— 9zl 09L 0

T9E0 £91 6¢1 $e + ¥TT- 1960 1'96 z 006 ,0IXT

86E0 $91 8S1 Lz + ¢81- 1460 U'v6 £ 206 01X

66€°0 ! $ST g1+ L6 +08°0 08 01 06 LOIXT &
§SE0 991 €61 § + - $ST0 $'¢T 8¢ 016 g OTXT &
¥9£°0 291 £€1 —_— _— — — 1§ $16 0

(v) Aweq | (amq | MHvi | woy (6) | Coagoyquy) [ woy v [(@DS) AW| (W) &
“Go0d - 7971 1€ 09g 18 2819407 “UOU0D %00.
soysueIy sadofs [3geL AW *uy | Aw) by |  png 1% ooy - | oanmppy

uonnfos YOSTH W §°0 Ut sAojje pue
PUE WIILIUN[E JO JNOIABYSQ UOISOLIOd PUB [OIWSYD0LIII0 9Y) Uo S[oze~ 7 1-1Aj03-d-¢-JAusyd-p-o1deorew-¢ jo j09pg (9 ) dIqeL




121

£6€°0 0$T zs v+ ZEl- 7680 768 1 69 OIXT

£6£°0 081 9¢ €+ o011~ CI8°0 $'18 T 90¢ SOTXE

£6€°0 1194 0s I+ £6- SIL0 SIL LE €1L OIX1 ﬁ%
96¢°0 6b1 ob I+ £s- 8650 €S 09 0TL 5 0TXI &
LOY0 Sl LY — — — — 0€1 ShL 0

gl €€1 69 ¢+ LL- 0EL'0 0EL 14 PEL y-OIXT

PP 0 €€l 69 9 4+ t9- LT9°0 L'79 Ly LEL 01X

brr 0 £€1 1L S + Is- 1L8°0 1'Ls 149 OvL OTXT %&
PP 0 €€l 08 T+ 6¢- LEVO L'Ep 1L (472 o OIXI ~
aad) A 9L — — — — 971 092 0

LYE0 OLY 0sT 65 + S61- 7T6°0 7’6 14 06 OIX1

10 €LY LST 8¢ + ILt- 788°0 7’88 9 806 OTXg

IPE0 €L1 8b1 9 + €L~ LT9°0 L'Z9 61 116 OTXT

170 €L1 Z$1 8T + 9p- Lb9°0 L't9 81 €16 4 O1X] s
$9€°0 291 st — — — — Ic 16 0

(0) Aw?q | (amq | B/ [ oy © [ Coagayu) [ wmorvd [@DS) A | (W) 4&
JB00 7971 18 09¢ 18 oFeIoA0]) "UIUOD ﬁo@
ysueL], 'Sodofs [oyeL (AW) "y | (Am)°Uy | gng 1% 00y o | oanppy [

JO JNOIABY2Q UOISOLIOd Pue [EIMWOYOONOB[S AU} UO S[OZRLI}-

"uonnIos "OSTH W 0 Wl sAojje ) pue wnmmnge

wnNJ-Rcoﬁob.alQ-E?o:m.w-o&eouoe-m Jo wapgg (Lg)9IgelL




122

4 alloyl

0 alloy Il
25 1 Y

1.5

c/o, 107

0.5 4

0 0.2 04 06 0.8 1 1.2

C, Mol/L, 10

Figure (47): adsorption isotherm for 3-mercapto-4-phenyl-5-4-pyridyl-
1,2,4-triazole on pure Al and its afloys in 0.5M HCI
solution.
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Figure (48): adsorption isotherm for 3-mercapto-4-phenyl-5-p-tolyl-
1,2,4-triazole on pure Al and its alloys in 0.5 M HC]
solution.
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Figure (49): adsorption isotherm for 3-mercapto-4-phenyl-5-
p-nitrophenyl-1,2,4-triazole on pure Al and its alloys in
0.5 M HCI solution.
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Figure (50): adsorption isotherm for 3-mercapto-4-phenyl-5-4-pyridyl-
1,2,4-triazole on pure Al and its alloys in 0.5 M HCIO,
solution.
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Figure (51): adsorption isotherm for 3-mercapto-4-phenyl-5-p-tolyl-
1,2,4-triazole on pure Al and its alloys in 0.5 M HCIO,
solution.
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Figure (52): adsorption isotherm for 3-mercapto-4-phenyl-5-p-
nitrophenyl-1,2,4-triazole on pure Al and its alloys in
0.5 M HCIOQ, solution.
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Figure (53): adsorption isotherm for 3-mercapto-phenyl-5-4-pyridyl-
1,2,4-triazole on pure Al and its alloys in 0.5 M H,S50,
solution.
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Figure (54): adsorption isotherm for 3-mercapto-4-phenyl-5-p-tolyl-
1,2 4-triazole on pure Al and its afloys in 0.5 M H,S0,
solution.
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Figure (55). adsorption isotherm for 3-mercapto-4-phenyl-5-p-
nitrophenyl-1,2,4-triazole on pure Al and its alloys in

0.5 M H,S0, solution.
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DISCUSSION

1. Effect of adenine, adenosine and pyrrole derivative on the
electrochemical and corrosion behaviour of pure aluminium
and its alloys in 0.5M solutions of HCI, HCIO,and H,S0,.

1.1 _Behaviour in HCl solution:

The data of Tafel lines for cathodic hydrogen evolution reaction
indicate that in the pure HCl solution, although values of the cathodic Tafel
slope for the alloys (I and II) are close or slightly higher than the values
calculated from the equation b, = 2.32RT/F) = 118 mV at 25°C (the
hydrogen evolution reaction on aluminium electrodes essentially free of
"spontancous oxide” was found to follow the slow discharge
mechanism)“”. Higher values of the cathodic Tafel slope in case of pure
Al may be ascribed to the specific adsorption of chloride ions and/or the
incomplete dissolution of the spontaneously formed oxide film (barrier
type). It was reported that, if aluminium is left in the acid electrolyte for
a long time, some but not all of the film dissolved®. Cathodic Tafel
slopes of ~300 mV/decade were obtained by Kunze®and by Hogyard and
Earal® for super-pure aluminium in aqueous solutions. A value of 175mV
of the cathodic Tafel slope for aluminium (99.6%) in NaCl solution was
reported by Nisancioglu and Holtan'™. Chakrabarty, Singh and
Agarwal® reported values for the cathodic Tafel slope for Al (purity
99.26-99.82%) of 160-210 mV/decade in 20% nitric acid solution.
Metikos et al.™reported that the values of the Tafel slopes for hydrogen

evolution reaction (h.er.) > 2.3(2RT/F) (118 mV at room temperature)
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usually are regarded as anomalous since they can not be predicted . For
any mechanism by the two well-known theoretical procedures, namely, the
steady-state method and the quasi-equilibrium approach, without making
assumptions that are easily contestable. Preparation of the working
electrode involved exposure to air. Therefore, the electrodes undoubtedly
had a thin oxide film on their surface before being introduced into the cell.
The presence of a film could have influenced the reduction process at the
surface by affecting the energetics of the reaction at the double layer, by
imposing barrier to charge transfer through the film, or both. The barrier-
film model was a consistent way of explaining the high Tafel slopes for the
her. observed. This assumed that a fraction of the applied electrode
solution overpotentials operated across the surface film and was not
available to assist the charge transfer (h.er) at the ﬁlm-sblution

(87)

interface For a typical electrode reaction (e.g., h.e.r on an oxide-

covered electrode), the cathodic reaction of hydrogen evolution involved
passage of electrons the potential energy barrier within the film to reach the
film-solution interface at a rate influenced by part Vg, of the total
potential difference (V,). The charge transfer of the other reactant
hydrogen ion (H;0") across a separate barrier within the Helmholtz double
layer was influenced by the potential Vi -

Thus,

. - - N JF '
l].] =K}.1 CH exp { B(Tlt R';]Fllm ) :! | (5)

Where  was the charge transfer symmetry factor with the usual
value equal to 0.5, n,was the total overpotential across the metal-film
solution interface, and 7, was the potential drop across the film.

According to equation (5), the Tafel slope was:
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~—@7‘—',— = - 2.303RT = Tafel slope 6)
dlogi ﬂp(}-QﬂM)
on,

Thus, a slope with a value > 118 mV/dec. was obtained when g N /6 T,
assumed a positive value. At 7, = 0.5, then the value of the slope from

equation (6) was 236 at room temperature.

Presence of a semi conducting oxide on the electrode surface led to a
higher overpotential at a given rate, that is, to an inhibition (or retardation)

of the electrode reaction®®.

The semi conducting surface oxides also
resulted in partial or complete inhibition of the electrode reaction even
before the formation of a complete monolayer of the oxide. Further details
on these inhibition effects were reviewed by Conway®” and Gilroy and
Conway®. Anodic Tafel siopes (b,) ranged from 130-150 mV in case of
pure Al and from 40-60 mV in case of its alloys, indicating growth of the
spontaneous oxide layer especially of pure Al during anodic polarization up

to the breakdown potential®",

The corrosion current (igy), determined by extrapolation of the
cathodic Tafel curves, the data show that all investigated organic
compounds (except pyrrole derivative in case of alloy I) decrease the
corrosion current of both pure aluminium and its alloys. For both pure
aluminium and the investigated alloys in the presence of adenine,
adenosine and pyrrole derivative shift the open circuit corrosion potential
in the positive direction and such shift increases with the increase in
inhibitor concentration. Based on the shift in corrosion potential and the
increase in the cathodic overpotential in the presence of the organic

additives (cathodic Tafel lines for pure aluminium and alloys I and II are
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shown in Figs. 2-19 and An, values at an applied ¢.d. of 360 pA/cm? are
given in Tables 2-10). adenine, adenosine and pyrrole derivative can be
considered as mixed type inhibitors” (at all examined organic compounds

in case of pure aluminium and alloy II and in the presence of adenine and

adenosine in case of alloy I only).

The results of inhibition efficiency ( %I ) in Table (13) indicate that
3-amino-4-cyano-2-benzoyl-N-phenyl pyrrole inhibits the corrosion of both
pure aluminium and alloy II, and the inhibition efficiency also increases as
an increase in the concentration of the inhibitor. But, such additive has
influence to increase the corrosion current for alloy I in HCI solution, and
the maximum value of i, is obtained at higher concentration of such
additive (10* M). This indicating that the addition of this compound
catalyze the hydrogen evolution reaction on alloy I. This behaviour may be
attributed to the presence of iron and silicon as FeAl; and Fe,SiAlg

(92)

intermetallic compounds®™ at the aluminium-alloy surface which cause

high accelerating effect on the hydrogen evolution reaction in the presence

of such additive. This may takes place according to the following reaction

N | NH;
+ Ht = [I N I' =0 (7)
P[h fl’h
N NH; N NH;
I N | o+t & = [' zfil (ljéo +  Hags @)

Ph  Ph Ph Ph

sequence:

F
.
£
|

H, ©)
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Simple aminothiols were found to be protonated at the amino group, in

acidic solutions®>.

On the other hand, the results exhibited that pyrrole
derivative gives an opposite effect on alloy IT compared to alloy L, that is,
the inhibition efficiency increases as the concentration of such additive is
increased. This behaviour may be attributed to the high density of cathodic
active sites at the alloy II surface (iron-rich phases)®”, which interact with
inhibitor molecules to produce an insoluble complex, leading to coverage

of the majority of those cathodic active sites™,

The data in Tables 11 and 12 showed that leorr. decreases and
inhibition efficiency ( %I ) increases as the concentration of adenine or
adenosine is increased in HCI solution of both pure aluminium and its
investigated alloys. It is observed that, the inhibition efficiency of adenine
and adenosine in case of pure Al is higher than that of corresponding
obtained for alloys 1 and II at all examined concentrations, However, the
inhibition efficiency of adenosine is higher than the adenine of both pure

Al and its investigated alloys.

According to Vijh® and Desai et al.®*), the potential of zero charge
(PZC) of Al in acidic media Eqo =-0.4 V. Values of the ¢ potential of
pure Al and Al-alloys Iand II were calculated according to the following

equation:

b = Eoep - Eqro Qo)

Hence, values of the ¢ potential of pure Al and Al-alloys I and IT are -0.28,
-0.133, -0.126 V, respectively. This indicate that pure Al and its alloys are

negatively charged at the Eop. On the other hand, adenine and adenosine
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undergo protonation in aqueous acidic solutions”™®, thus the initial step of
adsorption may be involve the protonated molecules. According to

% and Foroulis®®

Blomgren and Bockris aromatic amines (aniline,
pyridine and quaternaries) which are preferentially adsorbed in the cation
form, lie flat on the electrode surface and adsorption via a mechanism
involving n-electron interactions between the aromatic nucleus and the
metal surface is also possible. Before proceeding with a development of
equations describing the mechanism of adsorption occurring at the
electrolyte-oxide interface, a particular model for these processes is
required. The following model will be assumed and is consistent with that
arising from studies of double layer at oxide-solution interface®?,

Equilibrium is assumed with respect to reactions of the following type:

~N o AN
/Al i - ! ~N H»O (1
e + Hap
>Al——~—0H \Ai/o
surface -~ surface

Adenine or adenosine molecules have electron-donating ability and can
displace adsorbed water on the surface®’” by hydrogen bridging with its

unshared electron pair as follows:

NH, NH,
ASO—H =NJE\—F Al:(l)-—H——-N//l\r——-FI
)— e
i QN ITI) H l%N/\If) -
H H

NH,

Al + (l)——H---N’ | N
| -

L

H
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After losing adsorbed water the electrode surface becomes electron-

acceptable, and inhibitor molecules can be easily adsorbed:

NH,

NH,
N~ N AlsN™ N
Al + kN ! 1TIJ — kN| 1?1J (13)
H

H

The adsorption of an organic adsorbate on the surface of a metal is
regarded as a substitutional adsorption process between the organic
compound in the aqueous phase Orgq and the water molecules adsorbed

on the electrode surface H,O,?":
Org(sol.) + nHZO(ads) Pes S Org(ads.) + nH2O(sol) (])

Where n is the size ratio, which is the number of water molecules replaced

by one molecule of organic adsorbate.

The data exhibit that adenosine is greater inhibitive action on both
Al and its alloys than the adenine under the same conditions. This
behaviour can be ascribed to adsorption of the larger molecules of
adenosine compared to adenine molecules, so enhancing the inhibition
efficiency of the cathodic process. Lower values for the inhibition
efficiency in case of the investigated alioys compared to those of pure Al
can be ascribed to the presence of iron as a minor alloying elements, thus,
increasing the catalytic activity of Al-alloys (no silicon can be detected in

the film above the aluminium matrix containing 1% Si) .
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The data of galvanostatic anodic polarization of pure Al and its
investigated alloys in 0.5M HCI solution in the absence and presence of
10°-10* M in case of pyrrole derivative and 10°-10"M in case of both
adenine and adenosine are shown in Tables 11,12 and 13 together with
corrosion current, inhibition efficiency, the values of A, and the values of
A7), and corrosion potential. These results show that the anodic Tafel slope
(bs) 1n case of pure Al 1s greater than of its alloys. On the other hand, value
of b, seems to be the same in the absence and presence of all investigated
organic compounds. This indicates that anodic dissolution process takes
place at the uncovered part of the electrode surface. The inhibition of
anodic dissolution process is associated with the increase in the value of
An, 1n the presence of all investigated compounds of both pure Al and its
alloys. These results suggested that retardation of the electrodes processes
occurs, at anodic sites, as a resuit of coverage of the majority of anodic

active sites of pure Al or its alloys by the inhibitor molecules.

L2. Behaviour in HCIQ, solution:

The data obtained for the electrochemical and corrosion behaviour
of pure aluminium and its alloys, in 0.5 M HCIO4 solutton in the absence
and presence of pyrrole derivative, adenine and adenosine within the
concentration range 10%-10* M in case of pyrrole derivative and_l()'s-IO"3 M
in case of adenine and adenosine are given in Tablesi4-16. .The results
indicate that pyrrole derivative inhibits the corrosion (ekcept at higher
concentration, 10°M, in case of alloy I} of both pure Al and the
mmvestigated alloys even at the lowest examined concentrations, The
presence of pyrrole derivative shifts the open circuit corroston potential in

the positive direction and such shift increases with the increase in inhibitor
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concentration. Based on the shift in corrosion potential and the increase in
the cathodic overpotential in the presence of the inhibitor (cathodic Tafel
lines for pure Al and its investigated alloys are shown in Figs. 12and13 and
Am, and Ar, values are given in Table 16 pyrrole derivative can be
considered as mixed type inhibitor”™. The data recorded in Table 16
indicate that for pure Al and its alloys (except at 10*M in case of alloy I)
the increase in the Iinhibition efficiency with concentration is associated
with a decrease in the value of corrosion current (i ), denoting a decrease
in the true surface area available for hydrogen deposition (hydrogen
evolution occurs at the uncovered parts of the electrode surface). Both
approximate constancy of both the cathodic Tafel slope (b.) and anodic
dissolution Tafel slope in the absence and presence of the inhibitor suggest
that the presence of pyrrole derivative does not affect the mechanism of

both hydrogen evolution and anodic dissolution reactions.

The increase in the corrosion current of alloy I in the presence of
pyrrole derivative (at 10*M) associated with positive value of change in
hydrogen overpotential ( Am, ) and corresponding to that inhibition
efficiency becomes negative one. This indicates that catalytic effect on the
hydrogen evolution reaction at higher concentration (10*M) of the additive
1s occurred. This behaviour may be attributed to the presence of iron in the
alloy I (as FeAl; intermetallic compound) at the alloy surface may catalyze
the reduction of C = N group for 3-amino-4-cyano-2-benzoyl-N-phenyl
pyrrole. Cathodic overpotential values for pure Al and the investigated
alloys at different current densities in 0.5 M HCIO, solution in the absence
and presence of 10°-10°M adenine and adenosine are recorded in Tables
5 and 6. The parameters of both hydrogen evolution reaction and anodic

dissolution reaction in the absence and presence of such compound are




given in Tables 14 and 15. The approximate constancy of the cathodic

Tafel slopes for both pure Al and its alloys indicate that the mechanism of
hydrogen evolution reaction is the same in the absence and presence of the
investigated compounds. However, slight change in anodic dissolution
Tafel slope (b,) in the presence of the additives is observed. This
behaviour may be ascribed to a slight change in the true surface area

available for anodic dissolution reaction.

The results of inhibition efficiency, icor. andA 7, values exhibited
that adenine and adenosine inhibit the corrosion of pure Al and alloy II
(except alloy I at 10°M concentration of adenosine, %Il decreases
relatively). While, the same compounds have influence to increase the
corrosion current and according to that, inhibition efficiency shifts to more
negative values (catalytic effect) as an increase the concentration of the
additive on alloy 1. This indicates that the investigated compounds catalyze
the hydrogen evolution reaction on alloy I surface due to the presence of
iron as FeAl; at the alloy surface. However, A, values increase with
increasing the concentration of adenine or adenosine in 0.5M HCIO,4
solution on alloy 1. This result suggests that specific interaction with
anodic process and the investigated compounds act as an anodic inhibitor.
One can concluded that the inhibitor becomes adsorbed on the metal
surface and covers the anodic regions®”. Based on the shift in corrosion
potentials of pure Al and alloy II, the increase in cathodic overpotential in
Figs. 8-11and An, and A, values are given in Tables 14 and 15, adenine
and adenosine can be considered as an inhibitor of the mixed type®®.
Comparison of the results obtained at higher concentration (10°M) of both
adenine and adenosine in 0.5M HCIQ, solution of pure Al indicated that

the inhibition efficiency of adenosine is higher than that of adenine. These




141

results suggest that the covered area of the electrode surface by adenosine

molecules is expected to be much larger than the covered arca by adenine

‘molecules, due to the larger molecular size of adenosine than that of

adenine.  Stupnisek-Lisac and Ademovic® stated that the size of the
adsorbed molecule influences the inhibiting properties of compound.
Bigger molecules have better adsorption on the metal surface. Similar
results were obtained by Fouda et al."® for the corrosion inhibition of Al
by thiosemicarbazide derivatives in 2N HCI solution that the inhibition
efficiency of additive compounds depends on many factors which include
the number of adsorption sites and their charge density, molecules size,
heat of hydrogenation mode of interaction with the metal surface, and
formation of metallic complexes. The relative decrease in the inhibition
efficiency of adenosine at highest concentration (10°M) on alloy II
compared to its efficiency at lower concentrations of such compound, can
be attributed to the decrease in electrode coverage with an increase in the
concentration of adenosine.  So supporting the fact on insoluble complex
formed at lower concentrations of the investigated compound becomes
soluble. This is due to the accumulation of a large number of molecules at

higher concentrations which makes the complex sofuble!™.

For pure Al, pyrrole derivative has higher inhibition efficiency in
HCIO,4 solution compared with its %I in HCI solution at concentration
10°M. This behaviour may be ascribed to strong adsorption a.lid blocking
of the electrode surface by the condensation reaction of two molecules of
the 3-amino-4-cyano-2-benzoyl-N-phenyl pyrrole in HCIO; solution,

according to the following reaction:
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B L P
N NiH OF=C\ N N N=C~ N
C 1 . 1]'/—l—* [ ] B
1}, ‘!3:9_}12,:‘“ CN III = N N
Ph Ph ph Ph

A further increase of the double bonds between -NH; and -C=0
groups gave rise to the protection efficiency of the inhibitor as result of
n-clectron interaction between the molecules and the surface. Similar
results were obtained by Metikos et al.”, for corrosion inhibition of Al in

HCIO4 solution by substituted N-aryl pyrroles containing carbaldehyde
groups on pyrrole ring.

1.3.  Behaviour in H,SO, solution:

The results for the electrochemical and corrosion of pure Al and its
investigated Al-alloys in 0.5M H,S0O; solution in the absence and presence
of pyrrole derivative, adenine and adenosine within the concentration range
10%-10*M of pyrrole derivative and 10°°-10°M of adenine and adenosine
are given in Tables 17, 18 and 19. These results indicate that the presence
of pymrole derivative causes parrallel displacement of the cathodic Tafel
lines (except alloy I at all examined concentrations) towards higher
overpotential of both pure Al and its investigated alloys are given in
Figs.18 and 19. Such displacement increases with the incréase in the
concentration of organic compound, However, pyrrole derivative exhibited
reverse effect on alloy I to that observed of pure Al and alloy II. The
cathodic Tafel lines of alloy I shift to less negative values in the presence
of pyrrole derivative, and such shift increases as an increase in the

concentration. This indicates that the adsorption of additive molecules on
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the alloy I surface leads to catalyze hydrogen evolution reaction (see

Fig. 19}, and this behaviour 1s simmlar to that observed in HCI solution.

Comparison of the results obtained for pure Al and the investigated
Al-alloy in the presence of pyrrole derivative indicates that, at higher
concentration (10* M) the inhibition efficiency is higher in case of pure
aluminium than with alloy II. These results indicate that pyrrole dertvative
mmhibits the corrosion of pure Al and alloy II even at the lowest examined
concentration. The open circuit corrosion potential is markedly shifted in
the positive direction in the presence of examined organic compound of
both pure Al and its investigated alloys (I and IT). The increase in cathodic
overpotential of pure Al and alloy II (Table 10), together with an increase
of An, values with increasing concentration of such organic compound,
suggest that pyrrole derivative can be considered as an inhibitor of mixed
type of pure Al and alloy I, and anodic inhibitor only of alloy I®". At the
two higher concentrations of such organic compound (5x107 and 107 M)
in case of alloy II, relative decrease in inhibition efficiency compared to
that observed at lower concentrations. This behaviour may be attributed to
the soluble complex formation which leads to less inhibition at higher

concentrations'’”,

The less inhibitive action of the investigated compound in H,SO;4
solution compared with that in HCl solution may be ascribed to adsorption
of SO, ions at the electrode surface’®? leading to the hindrance of the
adsorption of organic molecules. Accordingly, it can be suggested that the
interaction between the metal surface and the additive compounds will be

of much less significance compared with HC1 and HCIO, solutions.
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The data in Tables 17 and 18 show the effect of adenine and
adenosine on the corrosion inhibition of pure aluminium and its alloys. It
can be seen that adenine and adenosine inhibit the corrosion at 2111
examined concentrations. The inhibition efficiency (expressed as %)
increases with inhibitor concentration. This is associated with the decrease
in corrosion current, An,. values shift to more negative, An, values shift to
more posittve and E. shifts to more positive with increasing the
concentration of the additives. Accordingly, adenine and adenosine can be
considered as inhibitors of mixed type®”.  This indicates that the
investigated compounds have influence to suppress the anodic partial
process and cathodic partial one. These results suggest retardation of the
electrode processes occurs at both anodic and cathodic sites of both pure Al
and its investigated alloys, as a result of coverage the majority of active
sites by the inhibitor molecules”*®. The fact that b, and b, are almost the
same in uninhibited and inhibited solution suggests that the inhibitory
action of such compounds reduces the surface area available for hydrogen
evolution and anodic dissolution without affecting their mechanism. The
inhibitive effect of adenine and adenosine molecules in H,SO, is probably
caused by hindering the adsorption of sulphate ions on pure Al and its
alloys, thus preventing dissolution. Similar behaviour was previously
reported by Mrowczynski et al."®for corrosion inhibition of iron in
sulphate solution. - The obtained results are similar to that observed in both
HCH and HCIO;, solutions, in which adenosine is much better inhibitor
especially for pure Al than adenine. Therefore, the covered area by
adenosine molecules is expected to be much greater than the covered area
by adenine, due to the largest molecular size of adenosine. However, the
results obtained for Al-alloys indicate a decrease in inhibition efficiency

compared with pure Al in the presence of adenine and adenosine. This
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behaviour can be attributed to the presence of iron at the alloy surface may
catalyze the hydrogen evolution reaction at the alloy surface in the presence
of protonated molecules. Similar resuits were obtained by Chakrabarty,
Singh and Agarwal®® for the corrosion inhibition of aluminium in nitric
acid solution using l-aryl substituted-3-formamidine thiocarbamidine. It
was concluded by Vetter!™ that a catalytic effect is present only in the
adsorbed state. The results obtained by Troquet, Labbe and Pagetti'®
indicate that commercially pure zinc is more effective catalyst for the
reduction of PhsPhCH,-P*CI’ than pure zinc. It can be concluded that
lower values of inhibition efficiency in case of alloys I and II ascribe to the
influence of iron and silicon in the alloy which consequently results in an
their catalytic activity. Abdel-Aal et al.®® stated that lower values for
inhibition efficiency in case of the Al-alloys compared to those of pure Al
using [(PhCH,)4P]'CI' can be attributed to the presence of iron as minor
alloying elements, thus, increasing the catalytic activity of aluminium for

the reduction of the adsorbed organic onium cations.

1.4. __Adsorption isotherms:

The extent of corrosion inhibition depends on the surface conditions
and mode of adsorption of inhibitors'®”. Assuming that the corrosion on
the covered parts of the surface equal to zero and that the corrosion takes

place only on the uncovered parts of the surface, the degree of coverage (0)

was calculated from:

o =1 - = @)

The obtained adsorption isotherms for pyrrole derivative, adenine
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and adenosine from the above equation are represented graphically in
Figs. 20-22 in case of HCI, Figs. 23-25 in case of HCIO, and Figs. 26-28 in
case of H,SOs  These isotherms follow that of Langmuir which
characterises the chemisorption of additive compounds on heterogeneous

surfaces. For such isotherm C/0 is a linear function of C.

The agreement between cathodic Tafel slopes (b.) in the absence and
presence of all investigated organic compounds within the examined
concentration range, suggests primary interface inhibition"®'*”. Similar
isotherms were obtained by El-Sayed’™ for the adsorption of some
nitrogen-heterocyclic compounds on pure Al and the same investigated Al-

alloys in HCI solution.
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2. Effect of some triazole derivatives on the electrochemical
and corrosion behaviour of pure aluminium and its alloys
in 0.5M solutions of HCI, HCIO, and H,S0;.

2.1. Behavigur in HCI solution:

The data obtained for the electrochemical and corrosion behaviour
of pure Al and its investigated alloys in 0.5M HCI solution in the absence
and presence of 3-mercapto-4-phenyl-5-4-pyridyl-1,2,4-triazole indicate
that the open circuit corrosion potential of both pure Al and the studied Al-
alloys shift in the positive direction. Such potential shifts together with the
increase of T, cathodic overpotential (except at 10 M in case of pure Al)
and the change in overpotential of both cathodic hydrogen evolution ( An,)
and anodic dissolution ( An,) on addition of the investigated compound,
indicate that such compound can be considered as an inhibitor of mixed
type. The results suggest that both cathodic and anodic partial processes
are affected to the same extent®”. The approximately constant values of
the cathodic Tafel slope (be) in the absence and presence of studied
compound (especially in case of alloys I and II) suggests that the
mechanism of hydrogen evolution reaction (h.e.r.) at the alloy surface is
essentially unaffected. 1t can be concluded that the inhibition takes place
by simple blocking of the surface, with subsequent decrease of the area
available 1o respective partial process. Slight decrease in m_ values in case
of alloys I and II, while sharp decrease in M, values at higher concentration
(10* M) are observed. This indicates that such compound at 10* M is able

to accelerate hydrogen evolution reaction particularly on pure Al surface.
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The data in Table 29 show the decrease in the value of 1.y, with the
increase in An_ cathodic for pure Al in the presence of 10 up to 5x10°M
of 3-mercapto-4-phenyl-5-4-pyridyl-1,2,4-triazole reveal an inhibiting
effect. While, a sudden increase in igor. at 10*M of such compound which
is associated with sharp decrease in An_ value, reveal a stimulating effect
(catalytic of hydrogen evolution reaction). In case of alloys I and II, the

icor. values decrease also with increasing concentration of such compound

up to 5x10”° M and then starts to increase again at higher concentration.

The data given in Table 29 reveal that the inhibition efficiency for
the corrosion of pure Al and its investigated alloys in 0.5M HCI solution in
the presence of 3-mercapto-4-phenyl-5-4-pyridyl-1,2 4-triazole increases
gradually as an increase in the concentration of such compound up to
5x10° M. However, the inhibition efficiency becomes negative value at
higher concentration (10™* M) in case of pure Al and decreases relatively in
case ofits alloys (I and II). The increase in inhibition efficiency (%l) as an
increase in the concentration of such compound up to 5x10”°M can be
ascribed to the blocking of the surface, which enhances cathodic
polarization and diminishes cathodic current density. Accordingly,
hydrogen evolution reaction decreases as an increase in the inhibition
efficiency because the organic compound molecules are adsorbed at the
most active cathodic sites"®®.  Such compound which inhibits both h.e.r.
and anodic dissolution may adsorbed in flat form in case of pure Al,
leading to more coverage of active cathodic and anodic sites. Accordingly,
highest inhibition efficiency (97.8%) is observed at 5x10° M. However,
adsorption of such compound on the surface in case of alloy I or alloy Il is

probably in the vertical position, leading to small coverage of the surface.
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Therefore, lower inhibition efficiency values are observed in case of alloys

Iand H compared with pure Al at 5x10° M.

The increase in corrosion current in the presence of 3-mercapto-4-
phenyl-5-4-pyridyl-1,2 4-triazole on pure Al at higher concentration
(10" M) may be ascribed to a catalytic effect on the hydrogen evolution

reaction. Accordingly, this may take place according to the following

reaction sequence:

N~—N N—~N
w Js

= /]\SH = SH3

N I + gt = N l

x X (15)

N——-=~N N—-N
||

A ~ A

N ~ + ¢ —_ N ~ @ + I‘h-ls (16)

Hads, + Hads ==

H, a7

Similar behaviour was observed by Abdel Aal et al.®® for the corrosion of
zinc in HCI solution in the presence of benzenethiol, such a reaction results
in a decrease in the cathodic overpotential (A 7.). The observed decrease
in the cathodic Tafel slope compared with its slope at lower concentrations
of the same compound, suggests a change in the mechanism of hydrogen
evolution reaction, although the mechanism of the electrodissolution of

pure Al remains the same.




150

The relative decrease in inhibition efficiency at higher concentration
(10" M) in case of alloys I and II may be due to the complex formed
between the iron traces in the alloy and the inhibitor. This may be ascribed
to the accumulation of a large number of molecules at higher concentration

which makes the complex soluble!'*®.

The data given in Table 30 show the effect of 3-mercapto-4-phenyl-
5-p-tolyl-1,2,4-triazole on the electrochemical and corrosion behaviour of
pure Al and its investigated alloys in 0.5M HCI solution. The values of
open circuit potential (Ecor), corrosion rates (i), the change in
overpotential of both cathodic hydrogen evolution reaction (An_) and anodic
dissolution  ( An, ) in the presence of the different concentrations of such
compound together with the values of the inhibition efficiency, indicate
that the investigated compound inhibits the corrosion of both pure Al and
the mvestigated alloys at all examined concentrations. For both pure Al
and its studied alloys, the corrosion potential is shifted in the positive
direction in the presence of investigated compound, and such shift
increases with the increase in the inhibitor concentrations. The marked
increase in the cathodic overpotential values in the presence of such
compound, together with the positive shift in E.,, and the increase in
anodic dissolution overpotential (A, ), suggest that the studied compound
works by inhibiting both the anodic and cathodic reactions. Inhibitor
function in this way are known as mixed type inhibitor. Figs.31 and 32
show the cathodic polarization of pure Al and its investigated alloys in the
absence and presence of different concentrations of such studied
compound. Similar effect of some triazole derivatives on the corrosion of
steel in HCI solution was investigated by Quraishi et al. "9 They stated that

ail investigated triazoles are mixed type inhibitors, that is, inhibiting the




i51

corrosion of mild steel by blocking the active sites of the metal surface.

The results obtained for the inhibitive effects of 3-mercapto-4-
phenyl-5-p-tolyl-1,2 4-triazole on corrosion of pure Al and its studied
alloys indicate high inhibition efficiency value, is observed in case of pure
Al (97% at 5x10° M). While, lower values (54-78%) in case of alloys T
and II are attained. The observed high inhibition efficiency on the
hydrogen evolution reaction of the pure Al compared to the examined
alloys, can be attributed to strong adsorption of such compound on the pure
Al than of its alloys. Lower values of inhibition efficiency in case of Al-
alloys compared to pure Al, may be due to the presence of iron and silicon
as FeAl; and Fe;SiAls intermetallic compounds® at the Al-alloys surface.
This leads to catalytic of the hydrogen evolution reaction and consequently
low inhibition efficiency is observed. Lower inhibition efficiency in case
of alloy I compared to alloy I, suggests that iron-rich phases (alloy II) have

more catalytic ability!"®,

Higher values of inhibition efficiency of both pure Al and its studied
alloys in the presence of 3-mercapto-4-phenyl-5-p-tolyl-1,2 4-triazole
particularly at highest examined concentration (10 M) compared to that
observed in the presence of 3-mercapto-4-phenyl-5-4-pyridyl-1,2,4-
triazole, can be attributed to its stability toward surface protonation in HCI
solution.  Similar trend was observed by Abdel-Aal et al.® for corrosion
inhibition of zinc by o-methyl benzenethiol and benzylthiol in HCI

solution.

The data given in Table 31 show the effect of 3-mercapto-4-phenyl-

S-p-nitrophenyl-1,2,4-triazole on the electrochemical and corrosion
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behaviour of pure Al and its investigated alloys. Cathodic overpotential
values for pure Al and its investigated alloys at different current densities
in 0.5M HCI solution in the absence and presence of 10°-10™ M from 3-
mercapto-4-phenyl-5-p-nitrophenyl-1,2,4-triazole are recorded in Table 22.
Cathodic Tafel lines for both pure Al and its investigaated alloys are shown
in Figs.33 and 34. Parameters for hydrogen evolution reaction including
cathodic Tafel slope (b.) and transfer coefficient (o) in the absence and the
presence of such investigated compound are given in Table 31. The
approximate constancy of the cathodic Tafel slope especially for Al-alloys
indicate that the mechanism of hydrogen evolution reaction is the same in
the absence and presence of the investigated compound. However, the
large increase in the cathodic Tafel slope in the presence of various
concentrations of such organic compound, suggests a change in the
mechanism of the hydrogen evolution reaction!". The results indicate that
3-mercapto-4-phenyl-5-p-nitrophenyl-1,2,4-triazole inhibits the corrosion
of pure Al and its investigated alloys, and the inhibiting action increases as
an- increase in the inhibitor concentration, particularly in case of pure Al
and up to 10° M in case of alloy [ and up to 5x10° M in case of alloy 11
The open circuit corrosion potential is markedly shifted in the positive
direction in the presence of such examined compound of both pure Al and
its studied alloys. The increase in both cathodic and anodic overpotentials
(AN, and Am, respectively) together with the shift in corrosion potential

suggest that the studied compound can be considered as an inhibitor of the
mixed type.

The data given in Table 31 indicate that the inhibition efficiency of
such compound in case of pure Al at any particular concentration (except at

10°° M) is much higher than that of either alloy I and alloy II. These results
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suggest that the adsorption in acidic solution, triazole derivative can exist
as cationic species like amino acids'’”. These cationic species may adsorb
on the cathodic sites of both pure Al and its investigated alloys, and
decreases the evolution of hydrogen. The adsorption of triazole derivative
molecules on the anodic sites through lone pairs of electrons of nitrogen
and sulphur atoms may decrease anodic dissolution of pure Al and its
studied alloys. On the other hand, lower values for the inhibition efficiency
in case of the investigated alloys compared to those of pure Al can be
attributed to the presence of small iron in the alloy, thus, increasing the
catalytic activity on the surface of the alloys. In case of alloys I and II,
increasing concentration (at 5x10° and 10* M in case of alloy I and at
10" M in case of alloy II) does not lead to a regular increase in mhibition,
as might have been expected from the behaviour of the above mentioned
triazole derivative. It may be less stable complexes are generated at higher

concentrations‘! %,

The cathodic polarization curve and inhibition efficiency for pure Al
in HCI solution with 3-mercapto-4-phenyl-5-p-nitrophenyl-1,2.4-triazole
exhibited a less inhibitive effect of this compound compared to the other
examined triazole derivatives. This may be due to the reduction of ~NQO,
group to -NHOH group on the surface of pure A1, during cathodic

polarization or at the corrosion potential diminishes its efficiency.
2.2 Behaviour in HClO, solution:
Cathodic overpotential values for pure Al and its investigated alloys

at different current densities in 0.5M HCIO, solution in the absence and

presence of 10°-10% M 3-mercapto-4-phenyl-5-4-pyridyl-1,2 4-triazole,
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3-mercapto-4-phenyl-5-p-tolyi-1,2, 4-triazole and 3-mercapto-4-phenyl-5-p-
nitrophenyl-1,2 4-triazole are recorded in Tables 23,24 and 25 respectively.
Cathodic Tafel Jines for both pure Al and the investigated allojrs are shown
in Figs. 35-40. Parameters for hydrogen evolution reaction including
cathodic Tafel slope (b;) and transfer coefficient (o) together with anodic
Tafel slope and the change in both cathodic and anodic overpotentials
(An, and An, respectively) in the absence and presence of such studied

compounds are given in Tables 32, 33 and 34.

These results indicate that the presence of such investigated
compounds cause parallel displacement (except in the presence of both
3-mercapto-4-phenyl-5-4-pyridyl-1,2,4-triazole and 3-mercapto-4-phenyl-
5-p-tolyl-1,2,4-triazole in case of alloy I) of the cathodic Tafel lines
towards higher overpotential.  Such displacement increases with the

increase in the concentration of organic additives.

The data given in Table 32 including values of the open circuit
corrosion potential (Ecor), corrosion rates (o), the change in both
cathodic and anodic overpotentials (An, and An, respectively) in the
presence of the different concentrations of 3—mercapto-4—pheny1-5-4-
pyridyl-1,2,4-triazole together with the values of the inhibition efficiency,
indicate that the investigated compound inhibits the corrosion of both pure
Al and its investigated alloy II at all examined concentrations. Although
the presence of such compound seems to be does not affect the cathodic
hydrogen evolution reaction on the surface of alloy I. While the corrosion
potential is shifted in the positive direction in the presence of the examined
compound, and such shift increases with the increase in the inhibitor

concentration. But, such shift is more pronounced in case of alloy II
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compared with pure Al and alloy I. The marked increase in the cathodic
overpotential value ( An_ at 360 pA/em’ ranges from 33 to —195 mV),
together with the positive shift in E., and the increase in anodic
dissolution overpotential of pure Al and its investigated alloys. Such
studied compound can be considered as an inhibitor of mixed type of pure
Al and alloy II.  On the other hand, such compound can be considered as
anodic inhibitor of alloy I. Mernari et al.!'¥ studied the inhibiting effects
of 3,5-bis(N-pyridyl)-4-amino-1,2,4-triazoles on the corrosion for mild
steel in 1M HCI solution. They showed that the electrochemical study
reveals that these compounds are anodic inhibitors. Indication of a strong
adsorption of these compounds on the active anodic sites suppresses the
dissolution reaction and adsorption leads to the formation of a protective
film which grows with increasing exposure time. This indicates that such
compound retards both cathodic and anodic partial processes in case of
pure Al and alloy II. While anodic partial process is suppressed only in the

presence of the investigated compound in case of alloy 1.

The results obtained for the inhibitive effects of 3-mercapto-4-
phenyl-5-4-pyridyl-1,2 4-triazole on the corrosion of pure Al and the
investigated alloys, indicate that high inhibition efficiency in case of both
pure Al and alloy II is observed. The inhibition efficiency increases with
increasing inhibitor concentration. It is noteworthy to show that the
inhibition efficiency is higher in case of alloy II than that of pure Al at
maximum inhibitor concentration (10 M), which reaches a level of 90.4%
for alloy II, while reaches to 85.3% in case of pure Al. The highest
inhibition efficiency in the presence of such compound can be ascribed to
chelation between the inhibitor and iron atoms in the alloy to form Fe°-

triazole complex. The latter is then oxidized to form insoluble complex,
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leading to coverage of the most cathodic active sites. Lower values for the
inhibition efficiency of such compound in case of pure Al than those
obtained with ailoy II, may be due to the partial solubility of an insoluble
complex chelate which is formed when corrosion occurs in HCIQ, in the

presence of the investigated compound”?.

The data also indicate that the investigated compound does not
appreciably affect the value of corrosion current (i) and cathodic
overpotential in case of alloy I in such investigated acid. This suggests that
such compound ts adsorbed very weakly on the surface of alloy I, or its
competition between simple blocking of the electrode surface and the
accelerating effect of hydrogen evolution reaction by FeAl; and Fe,SiAlg
intermetallic compounds on the alloy surface. One can concluded that the
inhibiting action and the catalytic effect of the hydrogen evolution reaction
by the investigated compound in case of alloys in HCIO, are approximately
equal.  The electrochemical behaviour of both pure Al and its investigated
alloys in the absence and presence of various concentrations of 3-mercapto-
4-phenyl-5-p-tolyl-1,2,4-triazole are given in Table 33. It is seen that iy
values decrease significantly in the presence of such compound at all
examined concentrations in case of pure Al and alloy II. This behaviour
brings out the fact that such investigated compound is an effective
corrosion inhibitor.  For alloy I, such compound exhibited catalytic effect
on the hydrogen evolution reaction, that is, values of i, Increase as an
increase- in the concentration of studied compound. This behaviour is
associated with decrease in cathodic hydrogen ovepotential ( Ary,) and Ecor.
shifts in the positive direction with increasing concentration of the organic
compound. Accordingly, such compound can be considered as mixed type

inhibitor for pure Al and alloy II, while it can be anodic inhibitor type in
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case of alloy I.

The higher inhibition efficiency obtained in case of pure Al at
maximum concentration (10* M) compared with that in case of alloy II,
can be attributed to strong interaction between pure Al surface and inhibitor

molecules. Tan and Lee!'™

suggested that chemisorption is initiated by the
partial transfer of electrons from the inhibitor to the metal. The ease of
electron transfer depends upon the availability of electrons in inhibitor
molecules and the surface metal atoms. A facile transfer is promoted by
transition metals having vacant, low lying orbitals, and an inhibitor having
high electron density at one of the surface metal atoms. Recently, it has
been shown that adsorption also could be established by hydrogen bonding
between hydrogen in N-H bonds and oxygen of the metal surface. A good
inhibitor preferably should be a large molecuie that remains water soluble,
contains a large number of N donor atoms and NH bonds, and has an
overall high pK, value. Accordingly, the adsorption of such studied
compound on pure Al or alloy II surface occurs either directly on the basis
of donor-acceptor interactions between the n-electrons of the heterocycle or
phenyl group of the compound and surface atoms, or interaction of the
studied compound with the negatively charged surface. The performance
of 3-mercapto-4-phenyl-5-p-tolyl-1,2,4-triazole in 0.5M HCIO, solution
can be explained as follows. In aqueous acidic solutions, such investigated
compound exists either as neutral molecules, sharing of electrons between
the nitrogen or sulphur atoms, and the metal surface, could be adsorbed on
the surface, and leads to displacement of water'®. This organic compound
can also adsorb through electrostatic interactions between the positively
charged nitrogen (as a result of protonation) and the negatively surface™”.

In addition, these molecules possess an abundance of m-electrons and
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unshared electron pairs which interact with the surface to provide a
protective film. The ability of the molecule to chemisorb dependent on the
position of methyl group on the aromatic substituent. The strong electron
donor character of the substituent enhances the electronic density near the
triazole. The accelerating effect of the same investigated compound in case
of alloy 1 can be ascribed to protonation of —~SH group attached to triazole
compound to —SH,', and the presence of FeAl; and Fe;SiAls intermetallic
compounds at the alloy surface catalyze the reduction of hydrogen
evolution on the cathodic sites. Such a reaction results in a decrease in the
cathodic overpotential (Ar ) becomes positive values in the presence of
such compound. However, such investigated compound exhibited
inhibitive effect on the anodic dissolution process. Accordingly, the value
of the anodic overpotential (AT, ) is increased and an appreciable positive
shift in corrosion potential is occurred due to the addition of such organic
compound. The resuits suggest that the adsorption of the investigated
triazole compound on' anodic sites through lone pairs of electron of
nitrogen and sulphur atoms may decrease anodic dissolution of alloy 1.
Niu et al.''™® studied inhibitive effect of benzotriazole on the corrosion of
Cr-Ni-T1 stainless steel in acidic solution. They found that adsorption and
inhibiting the anodic dissolution of the metal by the effect of blocking the
active sites on the metal surface. In light of the theory on the shift of the
corrosion potential due to addition of inhibitors, it follows that the

benzotriazole mainly inhibits the anodic reaction of corrosion process.

The data given in Table 34 show the effect of 3-mercapto-4-phenyl-
5-p-nitrophenyl-1,2 4-triazole on the electrochemical and corrosion
behaviour of pure Al and its investigated alloys in 0.5M HCIO, solution.

These results indicate that i.,; decreases as an increase in the concentration
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of such compound of both pure Al and the investigated alloys I and II. The
results also show that values of E.,, are shifted to more positive values
upon increasing the concentration of such compound. While values of both
the anodic (ba.) and cathodic (b,) Tafel slopes obtained in the absence and
presence of the inhibitor are approximately the same of both pure Al and its
investigated alloys. Addition of such compound leads to increase in both
the overpotential of cathodic hydrogen evolution(A %) and the
overpotential of anodic dissolution (A7}, ). These observations are
indicative of mixed-type iﬁhibitor without changing the mechanism of the
hydrogen evolution reaction (h.e.r.) or anodic dissolution of both pure Al

and its investigated alloys.

The results given in Table 34 indicate that 3-mercapto-4-phenyl-5-p-
nitrophenyl-1,2 4-triazole inhibits the corrosion of both pure Al and the
studied alloys at all examined concentrations. It is observed that the
inhibition efficiency gradually increased as an increase in the concentration
of the inhibitor in the case of both pure Al and its alloys (I and If). Itis
interesting to note that inhibition efficiency values in case of pure Al and
alloy II (reach to 95% at 10™* M) are higher than those obtained with alloy I
(reaches to 48.7%) under the same conditions. The highest inhibition
efficiency of pure Al in the presence of such investigated compound is
expected, due to the strong interaction between the inhibitor molecules and
Al surface. This suggests that the initial step of adsorption involves the
protonated inhibitor molecules, which lie flat on the pure Al sﬁrface and
adsorption via a mechanism involving n-electrons between the heterocycie
and the electrode surface is occurred. Accordingly, the adéorption takes
place at both anodic and cathodic sites consequently influence the anodic

and cathodic partial reactions. On the other hand, lower values for the
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inhibition efficiency in case of the investigated alloys compared to those of
pure Al are expected due to the presence of iron as minor alloying
elements. But, high inhibition efficiency in presence of such compound in
case of alloy II is obtained (94.8% at 10 M). This behaviour may be
attributed to chelate formation between the iron atoms in the alloy surface
and the inhibitor molecules to form insoluble complex which adsorb very
strongly at surface and becomes protecting for the alloy surface.
Bentiss et al.'® studied the effect of some triazole derivatives on the
corrosion of mild steel in HCI, showed that these compound are very good
inhibitors. The inhibition efficiency increases with increasing concentration
of such investigated compounds and reaches a level of 98.9% for the
inhibitor concentration of 300 mg dm™. Lower values of inhibition
efficiency in case of alloy I are expected due to the presence of FeAl;
phases which catalyze the hydrogen evolution reaction. The highest
inhibiting action of such investigated in case of pure Al and alloy II
compared to that observed in HCI solution, may be attributed to the
reduction of —~NO, group during cathodic polarization in HCIO4 solution
does not take place due to the slow discharge of hydrogen ions on the
surface.

2.2. Behaviour in H,SQ, solution:

The data obtained from the electrochemical and corrosion behaviour
of pure Al and its investigated alloys in 0.5M H,SOy solution in the
absence and presence of 10°-10™M of the investigated triazole derivatives
such as : 3-mercapto-4-phenyl-5-4-pyridyl-1,2,4-triazole, 3-mercapto-4-
phenyl-5-p-tolyl-1,2 4-triazole and 3-mercapto-4-phenyl-5-p-nitrophenyl-
1,2, A-triazole are given in Tables 35, 36 and 37. These results show the
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corroston potential (Ecoy ) is shified in the positive direction in the presence
of such investigated compounds. The positive shift increases with
increasing concentration of the inhibitors of both pure Al and its
investigated alloys. However, Eoyr. of Al-alloys is more shifted to positive
direction in the presence of such investigated compounds compared with
the positive shift in E.; for pure Al. The values of corrosion current (iger.)
are appreciably decreased on addition of all investigated compounds even
at the lowest examined concentration (10° M). such compounds increased
both cathodic and anodic overpotentials (A m. and An,respectively) at all

examined concentrations.

Based on the potential shift in E;, and the change in both M. and N,
of all examined compounds can be considered as an inhibitors of mixed
type (affects both cathodic and anodic partial processes). However, the
approximate constancy of the anodic (b,) and cathodic (b;) Tafel slopes
with increasing concentration of each one of the investigated compounds,
indicate that the mechanism of both cathodic hydrogen evolution reaction
(h.e.r.)) and the anodic dissolution of both pure and its studied alloys are not

affected by the presence of any one of such investigated compounds.

Comparison of the results obtained for pure Al and the investigated
Al-alloys in the presence of 3-mercapto-4-phenyl-5-4-pyridyl-1,2,4-triazole
indicates that at one and the same concentration of the investigated
compound, the inhibition efficiency is higher in case of pﬁre Al than that
with alloys I and II. Values of inhibition efficiency in case of alloy II is
higher than that of alloy 1. It may be the pyridyl group attached to triazole

(1

compound undergo protonation in aqueous acidic solutions' ’ according to

the following equation:
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(18)

Thus the initial step of adsorption may involve the protonated
molecules of the investigated compound on the negatively charged surface
of pure Al. The rapid attainment of the steady state corrosion potential in
the presence of such inhibitor (3-4 min) suggests that the initial step of
adsorption involves the protonated compound (such adsorption is
determined mainly by electrostatic forces). Thus, the inhibition of the
studied compound suggests an appreciable contribution to the inhibition
process via interaction of n-electrons of aromatic nuclei with the electrode

©6) stated that aromatic

surface”. Blomgren and Bockris® and Foroulis
amines such aniline and pyridine which are preferentially adsorbed in the
cationic form, lie flat on the electrode surface and adsorption via a
mechanism involving n-electron interactions between the aromatic nucleus

and the metal surface is also possible.

Lower values, for the inhibition of 3-mercapto-4-phenyl-5-4-
pyridyl-1,2,4-triazole in case of the alloys can be ascribed to the more
positive ¢ potential (rational corrosion potential) of the alloy (¢ potentials
for alloys 1and If are 155 and 170 mV more positive than that of pure Al).
On the other hand, the inhibition efficiency in case of alloy II is higher than
that of alloy I which may be due to high density of cathodic active sites on
the alloy surface interact with the additive molecules to produce an
insoluble complex. It is noteworthy that iron (in alloy II) has an increasing

complexing ability with studied additive. This may be explained by the




163

formation of an adsorbed intermediate on the alloy surface by the

interaction of the surface with the investigated additive. Probably an
insoluble complex, leading to very high values of inhibition efficiency.
However, the efficiency is dependent on the nature of the complex formed

and its formation stability constant.

The data given in Table 36 reveal that the inhibition efficiency
increases with the increase of 3-mercapto-4-phenyl-5-p-tolyl-1,2 4-triazole
concentration in 0.5M H,SO, solution of both pure Al and its investigated
alloys. Similar trend is observed in the presence of such compound with
that of 3-mercapto-4-phenyl-5-4-pyridyl-1,2,4-triazole. High inhibition
efficiency of pure Al (96.1% at 10*M) in the presence of studied
compound for its investigated alloys (70% at 10°M) is observed. As
mentioned above, lower values of inhibition efficiency in case of studied
Al-alloys compared with pure Al in the presence of such compound may be
due to the ability of the protonated molecules to a provide a catalytic path
for the hydrogen evolution reaction under cathodic polarization

conditions" .

Tt can be suggested that such reaction is catalyzed by FeAls
present at the alloy surface. The adsorption of such studied compound on
the surface can occur either directly on the basis of donor-acceptor
interaction between the m—electrons of the heterocycle compound and the
surface atoms, or the interaction of such compound with already adsorbed

sulphate ions""".

The better performance of triazole derivative can be
explained in the following way. In aqueous acidic solutiohs, such studied
compound exist either as neutral molecules or in the form of protonated
cation. It may be adsorbed on the metal surface in the form of neutral
molecules, involving the displacement of water molecules from the metal

surface and sharing of electrons between nitrogen atoms and the metal
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surface’*”,  Heterocyclic nitrogen compounds may also adsorbed through
electrostatic interactions between the positively charged nitrogen atom and

the negatively charged metal surface!!®®,

It has been observed that the
adsorption of such compound can be influenced by the natural of anions in
acidic solution®'*, the specific adsorption of anions having a smaller
degree of hydration. Strong adsorption of organic molecules is not always
a direct combination of the molecule with metal surface. In some cases, the
adsorption can occur through the already chloride or sulphate ions, which
mterfere with the adsorbed organic molecules. The molecular structure of
the organic compound is important in inhibition. On the other hand, it may
be -p-tolyl group attached to five position of triazole derivative enhances
the electronic density of the ring and in turn, strong ability of the molecule
to chemisorb on the surface takes place. In addition, introduction of the
electron donating methyl group in the para position in the phenyl group
should lead to an increase in the strength of coordination especially with

pure Al due to overall increase in electron density in the triazole ring.

The data in Table 37 exhibited that 3-mercapto-4-phenyl-5-p-
nitrophenyl-1,2 4-triazole has inibitive effect on the corrosion of both pure
Al and its investigated alloys in 0.5M H,SO, solution at all examined
concentrations. It is observed that the inhibition efficiency of pure Al is
higher in the presence of such compound compared with that in case of its
studied alloys at all examined concentrations. As mentioned above, the
observed lower inhibition efficiency of the studied Al-alloys compared
with pure Al in the presence of such studied compound at cathodic
potential can be attributed to the presence of iron and silicon as FeAl; and
Fe,SiAlg intermetallic compounds at the alloy surface have catalytic effect

on the hydrogen evolution reaction. It is noteworthy that iron-rich alloy
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(alloy II) exhibited highest inhibition efficiency i the presence of such
compound to that observed in case of alloy [. This may be explained by the
formation of an adsorbed intermediate on the alloy surface by the
interaction of the surface with the studied compound. Probably an
insoluble complex, leads to higher values of inhibition efficiency in case of

alloy II compared with that of alloy L.

Higher inhibition efficiency values in the presence of such
investigated conipound in H,SO4 solution especially in case of the studied
alloys compared with the inhibition efficiency values in HCI solution are
observed. This suggests that the formation of an insoluble complexes in
H,SO, is stable, and the inhibiting action occurs by strong adsorption of
these complexes on the surface, thus decreasing the surface area available
for hydrogen deposition without affect in its reaction mechanism. The rate
determining step for the hydrogen evolution reaction on the surface in

(123)

acidic sulphate solution assumed to be slow discharge ™, accordingly

reduction of —-NO, group does not take place in H,SO4 solution.

2.4. Adsorption isotherms:

As assuming no change in the mechanism of both hydrogen evolution
reaction (h.er.) and anodic dissolution of pure Al and its investigated
alloys in 0.5M solutions of HCI, HCIO, and H,SO4 (as previously
suggested). Adsorption isotherm obtained from equation (4) are shown in
Figs. 47-49 in case of HCI, Figs. 50-52 in case of HCIO, and Figs. 53-55in
case of H,SO, solutions. These isotherms conform approximately to the
Langmuir type, in which C/8 is a linear function of C. the same relation

was observed by El-Sayed”® for the corrosion inhibition of pure Al and
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the same investigated alloys in HCl solution. Similar results were obtained
by Bentiss et al."'® for the corrosion inhibition of some triazole derivatives
of mild steel in HCI solution, by Syed et al."® for corrosion inhibition of
mild steel using dicyclohexylamine in H,SO, solution and by Zhao and

Mu*® for the adsorption of anion surfactants on Al in HCI solution.
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SUMMARY

1- A general survey of the literature deals with the different theories
concerning the mechanism of corrosion inhibition by organic inhibitors, and the
work is done on such subjects up to the end of 1999, It is shown that although
much attention has been paid to the corrosion inhibition of pure Al and its alloyS
in mineral acidic solutions, few studies on the corrosion inhibition of pure Al
and its alloys using triazole compounds were carried 01it_. Careful examination
of literature reveals that some studied additives such as adenine and adenosine
compounds have not almost yet been used a corrosion inhihitors especially for

Al and its alloys.

2- The experimental parts deal with the preparation and purtfication of triazole
derivatives and pyrrole derivative compounds used as inhibitors. Adenine and
Adenosine compounds were reagent grade (Merck) and used without further
purification. Pure Al electrode was cast from extra pure Al rod. Alloy!l
contains 0.08% Si, 0.1% Fe and the rest Al and alloy II contains 0.25% Si,
0.32% Fe and the rest Al. Preparation of electrolytes, (These were solutions of
HCl, HCIO; and H,SOQy), description of the technique and the apparatus used
for galvanostatic was mentioned. Full description of the polarization cell and
the preparation of the cell for potential measurement was given. The

preparation of organic inhibitor solutions used in this investigation was stated .

3- The effect of pyrrole derivative, adenine and adenosine on the electro-
chemical and corrosion behaviour of pure aluminium and its alloys in 0.5 M
solutions of HCl, HCIO, and H,SO, has been studied. The results can be

summerized as follows:
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a- Behaviour in HCI solution:

For both pure Al and the investigated alloys, the studied compounds used
as inhibitors shift the corrosion potential in the positive direction. Based on the
shift in corrosion potential and the increase in the cathodic overpotential in the
presence of organic additives such as, adenine, adenosine and pyrrole derivative
can be considered as mixed type inhibitors. But, pyrrole derivative has
influence to increase the corrosion current for alloy I in HCI solution , and the
maximum value of i is obtained at higher concentration. This indicates that
the addition of this compound catalyzes the hydrogen evolution reaction on
alloy 1. This behaviour may be attributed to the presence of iron and silicon as
FeAl; and Fe,SiAlg  intermetallic compounds at the alloy surface, which cause
high accelerating effect on the hydrogen evolution reaction in the presence of
such additive. However, such compound gives an opposite effect on alloy Il
compared to alloy I, that is, the inhibition efficiency increases as the
concentration is increased.  Also, the inhibition efficiency increases with
increasing the concentration of adenine or adenosine of pure Al and its studied
alloys. This inhibition efficiency of adenine and adenosine in case of pure Al is
higher than that of corresponding obtained for alloys I and II at all examined

concentrations.

b- Behaviour in HCIOsolution:-

The data indicate that for pure Al and its alloys (except at 10” M in case
of alloy I), the increase in inhibition efficiency with concentration of pyrrole
" derivative is associated with a decrease in the value of corrosion current ( icorr.),
denoting a decrease in the true a surface area available for hydrogen deposition.
The increase in the corrosion current of alloy 1 in the presence of pyrrolé

derivative (at 10™* M) associated with positive value of change in hydrogen
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overpotential{Ar, ), and corresponding to that %I becomes negative one. This
behaviour may be due to catalytic effect on the hydrogen evolution reaction at
higher concentration (10 M).

The resuits as inhibition efficiency, i, and AT, values exhibited that
adenine and adenosine inhibit the corrosion of pure Al and alloy II (except in
case of alloy 11 at 10° M of adenosine, %I decreases relatively). While, the
same compounds have influence to increase the corrosion current and according
to that, inhibition efficiency shifts to more negative values (catalytic effect) as
an increase the concentration of the additive on alloy I. Comparison of the
results obtained at higher concentration (16~ M) of both adenine and adenosine
in  0.5M HCIO; solution of pure Al, indicated that the inhibition efficiency of
adenosine is higher than that of adenine, due to the larger molecular size of
adenosine than that of adenine. For pure Al, pyrrole derivative has higher
inhibition efficiency in HCIO, solution compared with its %I in HCI solution at
concentration of 10°M. This behaviour may be ascribed to strong adsorption
and blocking of the electrode surface by condensation reaction of two molecules

of the 3-amino-4-cyano-2-benzoyl-N-phenyl pyrrole in HCIO4 solution.

C- Behaviour in H,S0, solution:

Comparison of the results obtained for pure Al and the studied Al-alloyll
in the presence of pyrrole derivative indicates that, at higher concentration
(10" M) the inhibition efficiency is higher in case of pure Al than with alloy II.
These results also indicate such compound inhibits the corrosion of pure Al and
alloy 1I even at the lowest examined concentration. The less inhibitive action of

the investigated compound in H,SO, solution may be ascribed to adsorption of
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SO, ions at the electrode surface, leading to the hinderance of the adsorption of
organic molecules.  Accordingly, it can be suggested that the interaction
between the metal surface and the additive compound will be of much less

significance compared with HCI and HCIO; solutions.

It can be seen that adenine and adenosine inhibit the corrosion of pure Al
and its studied alloys at all examined concentrations. This indicates that the
investigated compounds have influence to supress the anodic partial process and
cathodic partial one. The inhibitive effect of adenine and adenosine molecules
in H,SO, is probably caused by hindering the adsorption of sulphate ions on

both pure Al and its alloys, thus preventing dissolution.

Adsorption isotherms :

1 inh.

1 uninh.

presented graphically in the presence of all studied compounds in HC, HCIO,

Adsorption isotherms obtained from 6 =1 -

equation and

and H,SO, solutions. These isotherms follow that of Langmuir which
characterises the chemisorption of additive compounds on heterogeneous

surfaces. For such isotherm C/0 is a linear function of C.

4- The effect of some triazole derivatives on the eletrochemical and
corrosion behaviour of pure aluminium and its alloys in 0.5 M HCl1, HC10,

and H,SO,, has been investigated as the following:

a-_Behaviour in HCI solution:

The results reveal the inhibition efficiency for the corrosion of pure Al

and its studied alloys in 0.5 M HCl in the presence of 3-mercapto-4-phenyl-5-4-
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pyridyl-1,2 4-triazole increases gradually as an increase in the concentration of
such compound up to 5x10°M. However the inhibition efficiency becomes
negative value at higher concentration (10™* M) in case of its alloys (I and II).
The increase in %l as an increase in the concentration of such compound up to
5%10° M can be ascribed to blocking of the surface, which enhances cathodic
polarization and diminishes cathodic current density. Such compound which
inhibits both h.er. and anodic dissolution may be adsorbed in flat form in case
of pure Al, leading to more coverage of active cathodic and anodic sites. The
increase in corrosion current in the presence of 3-mercapto-4-phenyl-5-4-
pyridyl-1,2 4-triazole on pure Al at higher concentration (10’4 M) may be

ascribed to a catalytic effect on the hydrogen evolution reaction.

The results obtained for the inhibitive effects of 3-mercapto-4-phenyl-5-
p-tolyl-1,2,4-triazole on corrosion of pure Al and its alloys, indicate high
inhibition efficiency is observed in case of pure Al. While lower values (54-
78% ) in case of Al-alloys (I and II) are attained. The observed high inhibition
efficiency on the hydrogen evolution reaction of pure Al compared to the
examined alloys, can be attributed to strong adsorption of such compound on the
pure Al. Lower values of inhibition efficiency in case of Al-alloys compared
with pure Al may be due to the presence of iron and silicon as FeAl; and
Fe,SiAlg intermetallic compounds at the alloy surface lead to catalytic of the
hydrogen evolution. Lower inhibition in case of alloy II compared to alloy 1,

suggesting that iron-rich phases (alloy II) have more catalytic ability.

3-mercapto-4-phenyl-5-p-nitrophenyl-1,2 A-triazole shifts the open circuit
corrosion potential in the positive direction of both pure Al and its investigated

alloys. The inhibition efficiency of such compound in case of pure Al at any
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examined concentration (except at 10°M) is much higher than that of either
alloy I or alloy II. These results suggest that the adsorption in acidic solutions
triazole derivative can exist as cationic species like amino compounds. These
cationic species may adsorb on the cathodic sites of both pure Al and its
investigated alloys and decrease the evolution of hydrogen. The adsorption of
triazole derivative molecules on the anodic sites through lone pairs of electrons
of nitrogen and sulphur atoms may decrease anodic dissolution of pure Al and
its studied alloys. Less inhibitive effect of this compound on pure Al compared
with the other examined triazole derivatives is observed. This behaviour may be
attributed to the reduction of —NO, group to ~NHOH group on the surface of
pure Al during cathodic polarization or at the corrosion potential diminishes its

efficiency.

b- _Behaviour in HCIO, solution:

3-mercapto-4-phenyl-5-4-pyridyl-1,2 4-triazole seems to be does not
affect the cathodic hydrogen evolution reaction in case of alloy I. The corrosion
potential is shifted in the positive direction in the presence of the examined
compound, and such shift increases with the increase in the inhibitor
concentration. The inhibition efficiecny is higher in case of alloy I than that of
pure Al at maximum inhibitor concentration (10 M), which reaches a level of
90.4% for alloy II, and 85.3% only in case of pure Al. The investigated
compound does not appreciably affect the value of corrosion current (icorr) and
cathodic overpotential in case of alloy I, which may be due to very weak

adsorbability on the alloy surface.

At maximum concentration (10 M) of 3-mercapto-4-phenyl-5-p-tolyl-
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1,2 A-triazole, higher inhibition efficiency is obtained in case of pure Al
com;ﬁared with that in case of alloy II. This behaviour can be attributed to
strong adsorption of the inhibitor molecules on the pure Al surface. The
adsorption of such investigated compound on the pure Al or alloy II surface
occurs either directly, on the basis of donor-acceptor interactions between the
n-electrons of the heterocycle or phenyl group of the compound and surface
atoms, or interaction of the investigated compound with the negatively charged
surface. The accelerating effect of the same studied compound in case of alloy I
can be ascribed to protonation of -SH group to —SH," group, and the presence of
FeAl; and Fe,SiAls phases at the alloy surface catalyze the hydrogen evolution
on the cathodic sites. However, such compound exhibited inhibitive effect on

the anodic dissolution process.

The results indicate that 3-mercapto-4-phenyl-5-p-nitrophenyl-1,2,4-
triazole inhibits the corrosion of both pure Al and its studied alloys at all
examined concentrations. The values of inhibition efficiency are higher in case
of pure Al and alloy II (reaches to 95% at 10" M) than those obtained with
alloy I (reaches to 48.7% ). Lower values for the inhibition efficiency in case of
the investigated alloys compared to those of pure Al are expected due to the
presence of iron as minor alloying elements. But, high inhibition efficiency in
the presence of such compound in case of alloy II is obtained. This behaviour
may be attributed to chelate formation between the iron atoms in the alloy
surface and the inhibitor molecules to form insoluble complex which strongly

adsorbed on the surface and becomes protective for the alloy surface.
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C- Behaviour in H,SO, solution:

Comparison of the results obtained for pure Al and the studied Al-alloys
in the presence of 3-mercapto-4-phenyl-5-4-pyridyl-1,2,4-triazole indicates that
at one and the same concentration of the investigated compound, the inhibition
efficiency is higher in case of pure Al than in case of alloys I and II. Values of
inhibition efficiency in case of alloy II are higher than that of alloy I. Lower
values for the inhibition efficiency of such compound in case of the alloys can
be considered as more positive potential (rational corrosion potential) of the
alloys (¢ potentials for alloys Iand II are 155 and 170 mV more positive than
that of pure Al).

3-mercapto-4-phenyl5-p-tolyl-1,2,4-triazole inhibited the corrosion of
pure Al and its alloys at all examined concentrations. The mechanism of
hydrogen evolution reaction was found to be the same in the absence and
presence of the inhibitor. The results showed that such compound is an inhibitor
of the mixed type. Lower values of inhibition efficiency in case of studied
alloys compared with pure Al in the presence of such compound may be due to
the ability of the protonated molecules to a provide a catalytic path for the

hydrogen evolution reaction under cathodic polarization conditions.

The data exhibited that 3-mercapto-4-phenyl-5-p-nitrophenyl-1,2,4-
triazole has inhibitive effect on the corrosion of both pure Al aﬁd its alloys in
0.5M H,SO; solution at all examined concentrations. Iron rich alloy(Il)
exhibited highest inhibition efficiency in the presence of such compound to that
observed in case of alloyI. Higher inhibition efficiency in the presence of the

investigated compound in H,SO, solution especially in case of Al-alloys
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compared with the values of inhibition efficiency in HC solution are observed.
This suggests that the rate determining step for the hydrogen evolution reaction
on the surface in acidic sulphate solution is assumed to be slow discharge.

Accordingly, reduction as ~NO, group does not take place in H,S0; solution.

Adsorption isotherms:

Assuming no change in the mechanism of both h.er. and anodic

dissolution of pure Al and its alloys in all investigated acids. Adsorption

i inb. .
s _ These isotherms

isotherms are obtained from equation @ =1 — -

1 uninh.

conform approximately to the Langmuir type in which C/0 is a linear function
of C.
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