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Corrosion Inhibition of Zn-Al-Cu Alloy by 2-Aminothiazole
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The inhibitive effect of 2-aminothiazole on corrosion of Zn-Al-Cu alloy was investigated in acid, neutral and
alkaline media by impedance and polarization techniques. The impedance data were fitted to a simple
equivalent circuit model and indicated control by a diffusion process. Satisfactory inhibition was obtained
in alkaline and neutral media. On the other hand, quite low inhibition efficiency was observed in acid
medium. Increase in concentration of the inhibitor increased the inhibitive effect, whereas the reverse was
observed when the temperature was increased. Different adsorption isotherms were tested in neutral and
alkaline media, the best fit was obtained for the Freundlich isotherm. The highest value for the free energy
change was recorded in alkaline medium in accordance with the high inhibition efficiency observed in this

medium.
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1. Introduction

Zinc-aluminum alloys can be used for manufacturing fitting
exposed to steam or seawater, gears, bushings, and other
components subject to friction.

Also, Al-Zn and Zn are used as coatings for the protection of
steel. Zinc-aluminum alloys comprise a new family of zinc
castings alloys that have proven themselves in a wide variety of
demanding applications. They are engineering materials well
suited to applications requiring high as-cast strength, hardness
and wear resistance.

The Zn-4Al-3Cu alloy is a widely used commercial material
for fabricating various construction parts through die-casting. It
is also a useful mold material in the trial mold applications for
stamping and injection molding. The addition of copper results
in an increase in strength of the alloy; however, the material
will suffer dimensional instability over a period of time at
ambient temperature. Most investigations were carried out in
the high aluminum-zinc alloys. However, little work has been
done on Zn-Al-Cu alloy with lower aluminum content. So the
effect adding Al and Cu to Zn metal was studied in this work,
which was expected to alter its electrochemical behavior
compared to pure Zn metal. Inhibition is one of the most
important applications in corrosion protection. Inhibitors pro-
tect the metal by adsorbing onto the surface. According to Hoar
and others, inhibitor molecules adsorb to a different extent at
different types of surface sites and influence the anodic and the
cathodic reactions unequally (Ref 1). They also concluded that
the adsorption of inhibitor molecules reduces the number of
electrode reaction sites, and thus, inhibition becomes more
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predominant when the surface is covered with a monolayer of
the inhibitor. However, the degree of coverage of the metal
surface by adsorbed inhibitor is often less than a monolayer,
with the rate of the process reduced by several orders of
magnitude. It has been proposed that organic inhibitors
adsorbed on the metal surface would change the double layer
structure and affect kinetics of the electrochemical reactions,
thereby partly insulating the metal from attack of the corrosive
medium and making it more difficult for metal ion atoms to
pass from the lattice to the solution (Ref 2).

Most of the studies conducted on the electrochemical
behavior of Cu-Zn alloys have centered on stress corrosion
cracking and dezincification (Ref 3).

Organic materials generally are recognized as effective
inhibitors for corrosion of many metals and alloys. The
efficiency of organic compounds as corrosion inhibitors is
associated with their chemical adsorption, which includes a
variation in the charge of the adsorbed substance and a charge
transfer from one phase to the other. The reaction mechanism
includes the transfer of one pair of electrons from organic
compounds and the formation of coordinate bonds with the
metal or alloy.

The aim of the present study is to test the influence of
2-aminothiazole on the corrosion of Zn-Al-Cu alloy in acidic,
neutral, and alkaline media by means of electrochemical
impedance spectroscopy (EIS) and potentiodynamic measure-
ments. The former technique is a powerful technique for the
study of electrochemical systems, including corrosion (Ref 4,
5) and has found wide application in the study of corrosion
phenomena on zinc and its alloys in aggressive solutions.

2. Experimental Details

The working electrode was made from Zn-Al-Cu rod
jammed in a small copper mold with about 30 cm wire tail
which was fixed in a glass tube with Araldite (Ciba production-
Switzerland) epoxy adhesive resin. The cross-sectional area of
0.8 cm” was only left to contact the test solution for both
electrodes. The Zn alloy was composed of 96.34%Zn-2.8%Al-
0.86%Cu. A preliminary investigation with various concentrations
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of the inhibitor showed that a 0.01 M concentration was
optimal, and all further investigations were carried out with this
concentration. DMF was added by 0.8% for complete solubility
for the inhibitor in the test solutions. These solutions are
0.01 M HCI, Na,SO, and NaOH. The inhibitor, used which
was 2-aminothiazole, was of Merck production. The conven-
tional three-necked cell was used. All chemicals used were
chemically pure reagents of Merck production.

Double distilled water was used for the preparation and
dilution of all the solutions. The volume of the solution in the
electrochemical cell was 50 ml. Measurements were conducted
in unstirred solutions and at constant temperature (25+1 °C)
except otherwise stated.

To achieve high reproducibility, the electrodes were pre-
treated always using the same procedure. Before each exper-
iment, the electrode surface was mechanically polished with
successive grades of emery papers up to 1200 grit, then washed
with acetone, double distilled water and finally with fine tissue
paper so that the surface appeared mirror bright. The electrode
was then immersed quickly in the test electrolyte. Measure-
ments were performed at least twice in fresh solutions and in
each run the electrode pre-treatment was carried out using the
same procedure. The electrochemical measurements were all
carried out using an IM6 Zahner electric potentiostat, Mefte-
chink, Germany. Impedance measurements were conducted
with excitation amplitude of 10 mV peak to peak. The working
frequency range was 0.1-100 kHz. The measurements were
repeated from twice to three times in order to test their
reproducibility. The data is fitted to suggest equivalent circuit
models and appropriate plot formats can be obtained.

Tafel experiments were carried out after steady state
conditions. The potential of the electrode was then changed
at a sweep rate of 1 mV s~ from —250 mV to +250 mV with
reference to the open-circuit potential in a single sweep. From
the slope of the linear region of the E versus log i curve within
100 mV on either side from the corrosion potential (E.qr)
value, it was possible to determine cathodic and anodic Tafel
constants. The corrosion current density (io;) Was determined
by extrapolating the Tafel lines. The cathodic and anodic
Tafel slopes were obtained by using IM6 fitting software. Each
test was carried out three times with good reproducibility of
results.

3. Results and Discussion

2-aminothiazole is a heterocyclic organic compound with
three carbon, two nitrogen atoms (one fused in the heterocyclic
ring and the other is the amino group) and one sulfur atom in
the ring (Fig. 1). This compound shows different anchoring
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Fig. 1 Chemical structure of 2-aminothiazole
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sites suitable for surface bonding: nitrogen atom (1, Fig. 1)
with its lone SP? electron pair, the sulfur atom (3, Fig. 1), the
amino group with its lone pair of electron, the C(4)H-C(5)H-
“edge” and the aromatic ring (Ref 6). So 2-aminothiazole is
therefore a potentially effective inhibitor. Investigations of
aliphatic and cyclic amines have shown that cyclic amines are
better inhibitors than aliphatic ones (Ref 2).

In the vicinity of the corrosion potential (E..y), the
polarization resistance (R;,), according to the procedure
described by Mansfeld (Ref 7) can be obtained. However, in
corrosion systems with discontinuous polarization curves in the
vicinity of E.,, under steady state conditions, the determination
of polarization resistance from electrochemical d.c. measure-
ments:

Ry = (dE/di) p=E.,, (Eq 1)
and from measurements by a.c. impedance techniques accord-
ing to:

R, = limy_o Re{Zt};_,

corr

(Eq 2)

was found to be problematic. In those systems the corrosion
currents cannot be determined according to:

icoxr = Ba Bc/2303 (Ba + BC)RP = B/Rp (Eq 3)

where B, and B, are the anodic and cathodic Tafel slopes and B
is a constant.

In such cases, where the usual polarization techniques fail,
the corrosion current has been determined from the charge
transfer resistance, R, according to Epelboin and coauthors
(Ref 8):

lcor = B/Rct (Eq 4)

(Eq 5)

where R, was determined at the intercept of the capacitance
loop of the a.c. impedance diagram with the real axis at medium
frequencies. The results obtained by this method have shown
excellent agreement with the results obtained by the Tafel
extrapolation method.

The inhibition efficiency of inhibition can be calculated by:

Ry = lim .y Re{Z¢}p p

IE% = [(icorr)o — (icorr)i/ (fcom),] x 100 (Eq 6)
or
IE% = [(Ry), — (Ry),/ (Rp),] x 100 (Eq 7)

where (i¢or); and (icorr)o denote the corrosion current densities
in solutions with or without the inhibitor, respectively. (R,,); and
(R,) are the polarization resistance in solutions with and
without the inhibitor, respectively. The inhibition efficiency
(IE%) strongly depends on the structure and chemical proper-
ties of the layers that are formed under the particular
experimental conditions. The extent of adsorption is dependent
on the electronic structure of the metal and the inhibitor, since
chemisorption requires a chemical bond between the inhibitor
and the metal.

In this work, an investigation of the inhibition of Zn-Al-Cu
alloy corrosion by 2-aminothiazole compound (Fig. 1) is
discussed with respect to some variables such as: effect of
pH value, effect of inhibitor concentration, and effect of
temperature.
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3.1 Inhibition in 0.01 M HCI

The behavior of Zn-Al-Cu alloy in 0.01 M HCI containing
0.01 M 2-aminothiazole was investigated using electrochemi-
cal methods at 25 °C. Figure 2 shows the Bode plots for the
alloy immersed in 0.01 M HCI with and without 0.01 M 2-
aminothiazole, after 1-h immersion time. The maximum
concentration used in the present study of 2-aminothiazole
(0.01 M) was the highest possible concentration, as limited by
the solubility of the inhibitor in aqueous media. The spectra
recorded in acidic solution in absence and presences of the
inhibitor used are characteristic of a diffusion process that
dominates even into the medium frequency region, with the
phase angle not exceeding 45°. The presence of 2-aminothiaz-
ole increases the recorded R, value of the alloy.

Tafel plots for Zn-Al-Cu alloy in 0.01 M HCI with the
addition of 0.01 M 2-aminothiazole were recorded. In each
case, the polarization measurement was carried out after the
corrosion potential reached an approximately stable value to
ensure that the reaction system was in the steady state.

Table 1(a) shows the kinetic parameters for the alloy in the
above-studied solutions obtained by using Tafel extrapolation
method, while Table 1(b), shows the values calculated on the
basis of determination of R, from impedance measurements
according to Epelboin et al. (Ref 8).

The results in Table 1(a) and (b) show that, in the present
case, all experimental methods used are appropriate for the
investigation of the efficiency of the organic compound as
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Fig. 2 Impedance plots for Zn-Al-Cu alloy in 0.01M HCI with (—)
and without (....) 0.01 M 2-aminothiazole

corrosion inhibitor. A good agreement between the electro-
chemical methods was observed.

It is evident from Table 1 that the open circuit potential of
the solution was affected by the presence of inhibitor. The E.q,,
value for the inhibitor containing solution is shifted to a more
negative value compared to the blank solution. Also, a slight
lowering of both the anodic and cathodic current densities for
the inhibitor containing solution was observed.

Also, the presence of 2-aminothiazole interferes with the
cathodic reaction during the corrosion of the alloy, since only
the cathodic Tafel slope is affected by the concentration of this
inhibitor. This is probable, in accordance with the fact that the
protonated nitrogen-containing organic compounds decrease
the corrosion rate by increasing the hydrogen overvoltage on
the corroding metal (Ref 9).

The decrease in the corrosion current density (ico;) Was
associated with an appreciable shift of corrosion potential
(Ecorr) to a more negative value. This suggests that although
inhibition is of a mixed type, it is predominantly under cathodic
control.

The overall reaction during the corrosion of zinc in acidic
solution is as follows:

Zn + 2H" — Zn’* + H, (Eq 8)

which is the sum of the galvanic reactions (Ref 10): anodic (Ref
11):

Zn — Znt + e (Eq 9)
Znt — Zn*t + e (Eq 10)
rds = rate determining step
cathodic (Ref 12):
H" + e — Hags (Eq 11)
Hags + Hags — Hp (Eq 12)

The 2-aminothiazole inhibitor under investigation has
moderate inhibition efficiency in hydrochloric acid (IE
% ~27.6%), since the molecule is protonated in acidic medium,
thus it becomes cation existing in equilibrium with the
corresponding molecular form like:

NS +H —— N: s:
v v

So the protonated thiazole, becomes weakly adsorbed on the
alloy surface, which is positively charged in acidic medium
(Ref 2). Protonation decreases the number of lone pairs

Table 1 Kinetic parameters of Zn-Al-Cu alloy in 0.01 M HCI with and without the addition of 0.01 M 2-aminothiazole,

at 25 °C after 1 h immersion time

(a) obtained using Tafel extrapolation method:

Solutions B/mVdec™! Bo/mVdec™ oo /HA EcorV 1E%
0.01 M HCI 80.5 86.7 75.6 -0.758
0.01 M HCI + 0.01 M inhibitor 68.9 54.7 —-0.967 27.6
(b) As (a) but calculated on the basis of determination of R, from impedance spectroscopy according to Epelboin et al. (Ref 8):

Solutions B/mV R,/Q Teor/ LA 1E%

0.01 M HCl 18.1 239.7 75.5

0.01 M HCI + 0.01 M inhibitor 19 55.8 26.1
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available for adsorption from three to two, and clearly would
lower the basicity of the remaining lone pair.

The 2-aminotiazole molecule has three atoms available for
coordination which are: N, S atoms in the heterocyclic ring and
the N atom of amino group. The S atom of the thiazole ring is
expected to have weak coordination ability (Ref 2), since the
lone pair on this atom participates in the resonating structure of
the molecule, resulting in a reduction of electron density on the
S atom and a decrease in the electron donating power. So it is
expected that 2-aminothiazole adsorbs physically on the alloy
surface in acidic medium. All these factors cause the cathodic
shift of E_,, for the alloy when immersed in acidic medium
containing 2-aminothiazole.

Chemisorption of this inhibitor is not expected to occur,
because at this very low pH value, the molecule will be
protonated. Thus, chemisorption via the lone pair electrons
should be excluded as a possible mechanism for corrosion
inhibition by 2-aminothiazole in hydrochloric acid. In highly
acidic solution, the high dissolution rate of zinc hinders the
formation of a protective layer on the alloy surface which causes
a lower percentage of inhibition compared to other pH values.

3.2 Inhibition in 0.01 M Na S0,

3.2.1 Effect of Inhibitor Concentration. The effect of 2-
aminothiazole concentration on the corrosion of Zn-Al-Cu
alloy in 0.01 M Na,SO, solution was investigated. Impedance
spectra are shown in Fig. 3a. In all cases the high frequency
parts of the impedance and phase angle describe the behavior of
an inhomogeneous surface layer (Ref 13). The low frequency
contribution shows the kinetic response for the charge transfer
reaction (Ref 13). Generally, the presence of increasing thiazole
concentrations cause an increase in the value of R, compared to
the blank sulfate solution, which indicates more inhibition
action for the used inhibitor.

The impedance data were analyzed using the equivalent circuit
model shown in Fig. 3b. The fitting results of the equivalent circuit
parameters for the alloy in 0.01 M Na,SO, in presence of different
concentration of 2-aminothiazole are listed in Table 2.

The R, of the formed film on the alloy surface (35.8 k()
was much higher than that of the blank solution (8.77 k€) (cf.
Table 2). This change is due to the effective film formed on the
alloy surface.

It can be observed that the R, increases and the double layer
capacitance (Cyq) decreases in the presence of inhibitor. The
decrease in Cy values in presence of inhibitor suggests that the
coverage of the metal surface with reaction product increases
the double layer thickness.

At higher inhibitor concentration, R, increases and Cg
decreases. The latter may result from a reduction in the local
dielectric constant and/or from increased electrical double layer
thickness. Either of these can be related to adsorption at the
metal/solution interface (Ref 14). The fractional coverage value
0 can be obtained from the corrosion current via (Ref 15):

=1- [(iCOIT)i/(iCOH”)o} = [(icorr)o - (icon)i]/(icon)o
(Eq 14)
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Fig. 3 (a) Effect of concentration in neutral environment (0.01 M
Na,S0O,4) containing different concentration of 2-aminothiazole(M):
(---) nil; (...) 107 (=) 5% 107 and (—) 1072 (b) Fitted equiva-
lent circuit model: (1) R(polarization resistance; (2) CPE (constant
phase element) and (3) R, (solution resistance)

Table 2 Effect of inhibitor concentration on the electro-
chemical parameters of the alloy in 0.01 M Na,SO,

C, M R,/kQ  CPE/mF n R/Q 0 IE%
0 8.77 415.5 0.524 100
1073 22.16 513.1 0.553 117.6  0.60 60.4
5%x107° 26.6 404 0.539 121.3 0.67 67
1072 35.8 372.8 0.485 1369  0.75 75.5

The values of 0 are calculated using Eq 15 where the R,
values are obtained from impedance measurements. The values
obtained in this way are also shown in Table 2.

It seems that complex formation occurs between 2-amino-
thiazole compound and the metal cations in the Zn-Al-Cu alloy.
These complexes can form an adsorbed stable layer on the alloy
surface which causes a decrease in the rate of corrosion when
the 2-aminothiazole is added.

Figure 4 shows the typical Nyquist plot with and without
the inhibitor, where two time constants can be clearly observed
by two slightly distorted capacitive loops. The capacitive loop
with inhibitor appearing at low frequency presents a phase
angle close to 45°, typical of Warburg type behavior. The
presence of two capacitive loops (two time constants) in the
Nyquist plot is associated with the presence of two processes,
in this case corresponding to oxidation and reduction reactions.

Table 3 represents the results obtained by a.c. impedance
measurements for the results after fitting the data by the
equivalent circuit shown in Fig. 3b. This equivalent circuit
represents the Zn alloy/Na,SOy, interface. This model is similar
to that usually proposed for the simple metal/electrolyte
interface, but with a constant phase element (CPE) which
substitutes the capacity of the double layer (Cg4) and which
takes into account phenomena related to the heterogeneous
surface and the diffusion processes.

As can be seen from the Bode plot (Fig. 3a), the impedance
of the solution containing inhibitor has a high value compared

Volume 17(2) April 2008—263



to the blank free solution. Also the capacitance value is lower
for the solution containing the inhibitor (Cgq = 372.8 nF)
compared to the uninhibited one (Cy = 415.5 nF). The values
of the exponent (n) are close to 0.5, which indicates a diffusion
control process and consequently the CPE represents a Warburg
diffusion component.

The phase angle maximum in the inhibited solution is larger
than that in the uninhibited one. All these observations confirm
the inhibiting character of the 2-aminothiazole in the neutral
sulfate medium. Hence, these two different methods (a.c.
impedance and Tafel plots) told a consistent story about the
efficiency of this molecule for inhibition of Zn-Al-Cu alloy
corrosion. Furthermore, the agreement between the inhibition
efficiency (IE%) values obtained from the a.c. impedance
method (Table 3a) agreed well with the corresponding value
obtained from the linear polarization method (Table 3b).

3.2.2 Effect of Temperature. The effect of temperature
on the corrosion rate of Zn-Al-Cu alloy was investigated in
0.01 M Na,SO, solution with addition of 0.01 M 2-amino-
thiazole. Bode plots for the alloy immersed in 0.01 M Na,SO,
containing 0.01 M 2-aminothiazole at different temperature
values showed a decrease in the R, and in the phase angle
maximum as the temperature increased.

T T T =T

2] 3 7 19 13 1? 20 23 2?7

Real Part / KQ =

Fig. 4 Nyquist plots in neutral environment (0.01 M Na,SO4) con-
taining 0.01 M 2-aminothiazole: (....) blank solution and (—)
0.01 M 2-aminothiazole + 0.01 M Na,SO,

The impedance data were analyzed using the equivalent
circuit model in Fig. 3b. The electrochemical parameters are
listed in Table 4. As would be expected, the i.,, values,
obtained from Tafel plots, increase considerably as the
temperature increase, indicating that the inhibitor efficiency
decreases at higher temperatures. Temperature-dependent data
were also obtained for the inhibitor at the optimal concentration
of the inhibitor.

As the temperature increases the corrosion rate also
increases, probably as a result of desorption of the inhibitor
molecules from the metal surface.

Desorption of inhibitor molecules with increase in temper-
ature is usually observed in cases of physisorption; chemisorp-
tion is often increased with increase in temperature. Also as the
temperature increases the value of E.,, was shifted to more
negative values. This corresponds to a more active state of the
alloy surface.

The following activation parameters: E, (activation energy),
AH (the enthalpy change of activation) and AS (the entropy
change of activation) are obtained from Arrhenius-type plot (Eq
16) and Eyring transition-state graph (Eq 17).

Iny = Ind + (—E,/RT) (Eq 16)

Iny/T = —AH/RT + InR/Nh + AS/R (Eq 17)

where \ is the corrosion rate of Zn-Al-Cu alloy in presence of
inhibitor, 4 is the Arrhenius pre-exponential constant, R is the
universal gas constant (8.314 J mol™' K™'), N is Avogadro’s
number, and h is Plank’s constant. A plot of In \ versus 1/T
and In (\/T) versus 1/T produced straight lines with slopes of
(—=E./R) and (—AH/R), respectively. The intercepts are In 4 and
[In (R/N h) + AS/R] for the Arrhenius and Eyring transition-
state equation, respectively.

Figure 5a represents the least—square plot for In  vs. 1/T
for the alloy in 0.01 M Na,SOy, in presence of 2-aminothiazole,
where \ = 1/R,, which is the corrosion rate of the alloy. The E,
was determined from the slope of this plot and it was found to
be 32 kJ mol™'. Figure 5b illustrates the relation between
In (/T) vs. (1/7) at different concentrations of 2-aminothiazole.
The plot also produced a straight line, the calculated value of
AH was +31.2 kJ mol™" and AS was —230.7 J mol ™' K™'.

Table 4 Electrochemical parameters for Zn-Al-Cu alloy
in 0.01 M 2-aminothiazole + 0.01 M Na,SQ,, at different
temperature values

Temp/°C Ry /kQ CPE/nF n RJQ  ig/mA  EiolV

25 35.8 372.8 0.485 1369 10.9 -0.950
30 22.96 383.7 0.448 143 71.9 —1.065
40 13.33 695.2 0.506  60.4 263 -1.075

Table 3 Kinetic parameters of Zn-Al-Cu alloy in 0.01 M Na,SO, with and without the addition of 0.01 M 2-aminothiazole,

at 25 °C after 1 h immersion time

(a) obtained by fitting

Solutions R,/kQ
0.01 M Na,SO, 8.77
0.01 M Na,SOy4 + 0.01 M inhibitor 35.8

(b) obtained using Tafel extrapolation method:

Solutions B/mVdec™
0.01 M Na,SO,4 46.2
0.01 M Na,SOy4 +0.01 M inhibitor 139

CPE, nF n 1E%
415.5 0.524 -
372.8 0.485 75.5

B./mVdec™ feorr /MA EeonV IE%
124 40 -1.016
124 10.9 -0.950 72.7
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Fig. 5 (a) Arrhenius plot for Zn-Al-Cu alloy in 0.01 M Na,SO4
containing 0.01 M 2-aminothiazole. (b) Eyring plot of corrosion rate
of Zn-Al-Cu alloy in presence of 0.01 M 2-aminothiazole at differ-
ent temperatures in neutral medium

3.2.3 Choice of Adsorption Isotherm. The adsorption of
an organic adsorbate on the surface of a metal is regarded as a
substitution adsorption process between the organic compound
in the aqueous phase (org(aq)) and the water molecules
adsorbed on the electrode surface (H,O(s)) (Ref 16).

Org(aq) + xH,O(s) — Org(s) + xH,0(aq) (Eq 18)

where x is the size ratio, and is simply the number of water
molecules replaced by one molecule of organic adsorbate. It
must be emphasized that in addition to the electronic charac-
teristics of the inhibitor, the adsorption process depends on the
nature of the surface, temperature, and pressure.

A number of mathematical relationships representing adsorp-
tion isotherms that characterize the dependence of the surface
coverage function, 0, on the inhibitor concentration have been
suggested to fit the various experimental data. Some of these
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isotherms are empirical and others are theoretical. An adsorbed
molecule may make adsorption more difficult or less difficult if
it is attached to another neighboring molecule. Thus, multilayer
adsorption may take place through occupation of more than one
surface site by an inhibitor molecule or the adsorption of more
than one inhibitor molecule per surface site. A number of
mathematical expressions have thus been developed to take into
consideration some of the non-ideal effects. The most used
expressions are Freundlich, Frumkin, Hill de Boer, Parsons,
Temkin, Flory-Huggins, Bockris-Swinkels adsorption isotherms
and kinetic-thermodynamic model (Ref 17). Some of the
corresponding mathematical expressions are listed below.
Flory-Huggins adsorption isotherm:

0/x(1 -0y =\yC (Eq 19)
Kinetic-thermodynamic model:
log(6/1 —0) = logy + ylogVy (Eq 20)

where © is a constant related to the binding constant, s, by the
following relationship:

y =00 (Eq 21)

where y is the number of inhibitor molecules occupying one
active site and 1/y represents the number of active sites of the
surface occupied by one molecule of the inhibitor. It is of
importance to realize that a value of 1/y greater than unity
implies the formation of a multilayer of the inhibitor on the
surface of the metal, while values of 1/y less than unity, mean
that a given inhibitor molecule will occupy more than one
active site. Larger values of the binding constant mean better
inhibition efficiency of a given compound, i.e., stronger
electrical interaction between the double layer existing at the
phase boundary and the adsorbing molecules. A small value of
the binding constant indicates weaker interaction by the
adsorbing molecules and the metal surface which means that
the molecules are easily removable by the solvent molecules
from the surface.

Basically, all the above isotherms having the form (Ref 18):

F(0, x)exp(—a ) = yC (Eq 22)

where F(0, x) is the configurational factor which depends
essentially on the physical model and assumptions underlying
deviation of the isotherm. 6 is the degree of surface coverage,
(a) is the molecular interaction parameter depending on the
molecular interactions in the adsorption layer and the degree of
heterogeneity of the surface and C is the concentration.

Moreover, all above expressions include the equilibrium
constant of the adsorption process, \, which is related to the
standard free energy of adsorption

AG,4° by (Ref 15):

U = 1/55.5exp [~AGY,/RT] (Eq 23)

The value 55.5 in the above equation is the concentration of
water in the solution in mol dm™.

The different isotherms mentioned previously were tested to
evaluate the most suitable isotherms, describing adsorption of
the inhibitor on the Zn-Al-Cu alloy surface.

Excellent fit was obtained using Freundlich, Kinetic-ther-
modynamic, and Flory-Huggins models. The curve fitting of
the data obtained from EIS measurement using 2-aminothiazole
to Freundlich isotherm is given in Fig. 6. By far the best fit was

Volume 17(2) April 2008—265



-0.10

-0.12 1

-0.14 |

-0.16 1

log'

-0.18 1

-0.20 1

-0.22 - .

-0.24 -+ T T T T T

log C

Fig. 6 Freundlich adsorption isotherm for 2-aminothiazole on Zn-
Al-Cu alloy in 0.01 M Na,SO,

Table 5 Number of active sites (1/y), binding constants
(®,\), number of water molecules replaced by one
molecule of organic adsorbate (x) and free energy change
(AG,4") obtained from Kinetic-thermodynamic model and
Flory-Huggins isotherm for Zn-Al-Cu alloy in 0.01 M

N32S04

Kinetic-Thermodynamic

Model Flory-Huggins Isotherm
l/y (€] AGadso X \ll AGadso
1.15 426.6 -10 1.25 430 -10

obtained with the Freundlich isotherm. The Freundlich model
has been used for other inhibitor systems (Ref 19).

According to this isotherm, 0 is related to the equilibrium
adsorption constant \y and concentration C via:

0= yc (Eq 24)

where 0<n<1. In the logarithmic form the above equation
becomes

logh = logy + nlogC (Eq 25)

which predicts that a plot of log 6 vs. log C is linear (Fig. 6).
The equilibrium constant of adsorption is related to the standard
energy of adsorption. The standard free energy of adsorption
(AG,4s°) was calculated from equation (23) having the value of
—10.6 kJ/mol.

Fitting the results by Kinetic-thermodynamic model for Zn-
Al-Cu alloy in 0.01 M Na,SO, containing different inhibitor
concentration is given in Table 5. A good straight line fit was
obtained for this isotherm. The slope of the line represents, y,
the number of the inhibitor molecules occupying a single active
site. The intercept is log ®. As stated previously, 1/y, gives the
number of active sites occupied by a single-inhibitor molecule.
The binding (equilibrium) constant for the adsorption process \s
is equal to @ ™).
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The results also have been found to fit Flory-Huggins
adsorption isotherm. Table 5 gives the curve fitting for the alloy
in neutral sulfate medium containing different inhibitor con-
centrations. A very satisfactory fit was obtained for data of this
inhibitor. The slope of the straight line is equal to x, and the
intercept is log | K.

The results in Table 5 show that the numbers of active sites
occupied by one molecule of inhibitor, 1/y, is approximately
equal to unity indicating that the adsorption process takes place
by the occupation of one active site per single inhibitor
molecule. The large negative value for the standard free energy
of adsorption, AG,y°, indicates that the reaction proceeds
spontaneously and is accompanied by an efficient adsorption.

Comparing the value of AG,q° obtained from Freundlich
isotherm (AG,qs" = —10.6 kJ/mole), from the kinetic-thermo-
dynamic model (AG,g’ = —10 kJ/mole) and from Flory-
Huggins isotherm (AG,q," = —10 kJ/mole) which confirms that
these isotherms best fit the adsorption process occurring at the
alloy surface using 2-aminothiazole as an inhibitor in neutral
medium.

Molecules which adsorb by strong interaction have high
values for the standard free energy of adsorption (Ref 20). This
is in general agreement with Nuzzo’s measurements of the bond
energies for thiols chemisorbed to gold (Ref 21).

On the other hand, Metikos-Hukovic et al. describe the
interaction between thiourea and iron (AG,q° = 39 kJ/mol) as
chemisorption (Ref 22). The AG,q° values obtained in this
work show that in the presence of 0.01 M Na,SO,, chemi-
sorption of this inhibitor does not occur. The low value of
AG,q° obtained here support the physisorption-based
mechanism.

3.3 Inhibition in 0.01 M NaOH

3.3.1 Effect of Inhibitor Concentration. Impedance
behavior of Zn-Al-Cu alloy in 0.01 M NaOH solution con-
taining different concentrations of 2-aminothiazole is somewhat
similar to that in 0.01 M Na,SO, solution containing different
concentrations of this inhibitor, as shown in Fig. 7. The
increase in the R;, value is observed when the inhibitor is added
to the blank hydroxide solution. Splitting of the phase angle
shift is observed, with an increase in the phase angle shift with
the addition of 2-aminothiazole. This splitting in the phase
angle shift means that the formation of inhibitor film changed
the electrode interfacial structure and resulted in an extra time
constant. The continuous increase in the phase angle shift
obviously correlates with the inhibitor film growth.

The impedance data were analyzed using the equivalent
circuit model shown in Fig. 3b. The fitting results are listed in
Table 6. It is clear from Table 6, that the value of the solution
resistance (R;) obtained in the pure medium (0.01 M NaOH)
was increased in the presence of inhibitor. This can be
attributed to the change in the conductivity of the medium.
Besides the increase in the value of R, for the solution
containing the inhibitor, the value of CPE obtained in the blank
solution (CPE = 4.132 pF) is drastically decreased to half its
value in the presence of the organic inhibitor (CPE = 2.08 pF).
This can be correlated to the decrease in the area of Zn-Al-Cu
alloy surface exposed to corrosive solution (increase in the area
covered with the inhibitor) as a result of adsorption. On the
other hand, the value of the exponent of CPE, n, can be used as
a gauge of the heterogeneity of the surface. The data in Table 6
indicate that the value of n obtained in the blank medium
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Table 6 Effect of inhibitor concentration on the electro-
chemical parameters of the alloy in 0.01 M NaOH

M Ry, kQ  CPE, pf n R, Q 0 IE%

0 11.19 4.132 0.776 ~ 170.7
107 16.4 3.97 0.79 180.1  0.32 32
5%107° 32 2.65 0.75 183.6  0.65 65
1072 55.1 2.08 0.814 1847 0.797  79.7

increases in the presence of the organic compound. This can be
due to the adsorption of a uniform layer of inhibitor on the alloy
surface.

The data recorded in alkaline medium are dominated also by
diffusion (n~0.7). The term, n, considers how far the interface
is from an ideal capacitor. The capacitor is considered ideal
when n=1, and non-ideal (roughness surface) when
0.5<n<1. The change in the value of the exponent was
associated with the presence of a more complex surface layer.

The increase in the R, and the decrease in Cq when the
organic inhibitor was added suggest that the coverage of the
metal surface with reaction increases the double layer thickness.

Table 6 represents the results obtained by a.c. impedance
measurements after fitting the data by the equivalent circuit
shown in Fig. 3b.

Figure 8 represents the polarization curves of the Zn-Al-Cu
alloy sample treated at 25 °C for 1 h in 0.01 M NaOH with and
without 0.01 M 2-aminothiazole. Treatment with the organic
compound resulted in a shift of the corrosion potential (E.q)
toward a more positive value by 328 mV in comparison to the
blank solution. Both the cathodic and anodic currents decreased
in presence of the inhibitor. The higher corrosion resistance was
exhibited by the alloy treated with 0.01 M 2-aminothiazole
solution indicating that the surface exposed to the corrosive
medium is less active, due to the improvement of the surface
coverage by the inhibitor solution. Thus, inhibition may be
caused by active site blocking.

3.3.2 Effect of Temperature. The increase in temperature
from 25 °C to 50 °C resulted in an increase in corrosion rate
and a decrease in R, value. These increases in the corrosion rate
as the temperature increased is a result of desorption of
inhibitor molecules from the metal surface.
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Fig. 8 Tafel plot for Zn-Al-Cu alloy with (a) and without (b)
0.01 M 2-aminothiazole in alkaline medium (0.01 M NaOH)

Table 7 Effect of temperature on the electrochemical
parameters for the alloy in 0.01 M 2-aminothiazole
+0.01 M NaOH

Temp/°C R,/kQ CPE/pF n RJ/Q  iop/mA E o /V 1E%

25 55.1 208 0.776 184.7 109 -0.670 79.7
30 3149  2.68 0.723 183.3 12.5  -0.797 64.5
40 29.92 482 0.684 119.2 19.1 -0.877 62.6
50 1628  7.69 0.611 9825 225 0901 31.26

A simple relationship was plotted for the effect of temper-
ature on the inhibition efficiency. It was observed that, as the
temperature increased the inhibition efficiency (IE%) de-
creased. This suggests that the inhibition of Zn-Al-Cu alloy
corrosion in presence of this inhibitor occurs by adsorption at
sites on the metal surface.

Table 7 shows the electrochemical parameters obtained
from EIS and polarization measurements for the inhibited Zn-
Al-Cu alloy in 0.01 M NaOH containing 0.01 M 2-amino-
thiazole at different temperatures, with the values of inhibition
efficiency for each temperature. As the temperature increases,
the protection of the surface by the inhibitor decreases as
indicated by decrease in R,, and increase in the corrosion
current, i.o. This is also supported by the shift of E.,,, to more
negative values. Also, the decrease in n with increase in
temperature indicates that the surface film tends toward better
capacitive properties at lower temperatures.

The process of inhibition also was found to obey Arrhenius
relation (cf. equation (16)). The activation energy value (E,)
was calculated from the slope of the straight line and found to
be 48 kJ mol™'. This is in a good agreement with the inhibition
efficiency order recorded from the a.c. and d.c. measurements.

The relation between In ((/7) vs. (1/T) at different
concentrations of 2-aminothiazole in presence of 0.01 M
NaOH gave a straight line, the calculated value of
AH = +47.45 kJ mol ™" and AS =-173.2 J mol”' K™".

Comparing the value of E, for both solutions in neutral and
alkaline medium, the large £, value in the latter indicates the
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strong adsorption of the inhibitor molecules at the metal surface
in alkaline medium compared to the neutral solution, where
better inhibitors show the highest values of activation energy
for the corrosion process. AH value is higher in alkaline
medium rather than in neutral medium which suggests a higher
protection efficiency observed in the alkaline medium. This
could be attributed to the presence of an energy barrier which
increases in the alkaline medium. Also, it is observed that the
AS value has a lower value compared to the neutral solution.

3.3.3 Choice of Adsorption Isotherm. Basic information
on the interaction between the inhibitor and the electrode
surface can be provided by the adsorption isotherm. In this
respect, the coverage concentration data of 2-aminothiazole in
0.0l M NaOH was best fitted to Freundlich adsorption
isotherm. This isotherm was found to describe the experimental
results well, and the correlation coefficient of the fitted data was
about 0.96. The isotherm is shown in Fig. 9. The calculated
value of AG,° from the isotherm was found to be —14.3
kJ/mol. So it is believed for the relation between the
2-aminothiazole and the alloy surface to undergo a physisorp-
tion mechanism on the alloy surface.

Fitting the results by Kinetic-thermodynamic model for Zn-
Al-Cu alloy in 0.01 M NaOH containing different inhibitor
concentrations is given in Fig. 10. A good straight line fit is
obtained for this inhibitor. The results also have been found to
fit Flory-Huggins adsorption isotherm. Figure 11 gives the
curve fitting for the alloy in alkaline medium containing
different inhibitor concentrations. Very satisfactory fit is
obtained for data of this inhibitor.

Table 8 gives the adsorption parameters obtained from
kinetic-thermodynamic model and Flory-Huggins isotherm for
Zn-Al-Cu alloy in 0.01 M NaOH using 2-aminothiazole at
25 °C. The results show that the numbers of active sites
occupied by one molecule of inhibitor, 1/y, for the inhibitor
used has a value greater than unity, i.e., (1/y =3.5). This
suggests that the 2-aminothiazole form multilayer film. The
large negative value for the standard free energy of adsorption,

0.0
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Fig. 9 Freundlich adsorption isotherm for 2-aminothiazole on Zn-
Al-Cu alloy in 0.01 M NaOH
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Fig. 10 Kinetic-Thermodynamic model curve fitting of the corro-
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Fig. 11 Flory-Huggins isotherm curve fitting of the corrosion data
of Zn-Al-Cu alloy in 0.01 M NaOH in presence of different concen-
trations of 2-aminothiazole

Table 8 Number of active sites (1/y), binding constants
(O,\y), number of water molecules replaced by one
molecule of organic adsorbate (x) and free energy change
(AG,4,") obtained from Kinetic-thermodynamic model and
Flory-Huggins isotherm for Zn-Al-Cu alloy in 0.01 M
NaOH

Kinetic-Thermodynamic

Model Flory-Huggins Isotherm
l/y O AGadso X \lf AGads0
3.5 3548 -13.1 42 3000 —-13.04
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Table 9 Possible reactions at zinc electrodes in aqueous
solutions

Standard eq.

Reactions potential E/V, SHE
(1a) Zn—Zn*" + 2¢ -0.763
(1b) Zn + OH < Zn(OH)" +2e -0.893
(Ic) Zn + 20H < Zn(OH), + 2e ~1.244
(1d) Zn + 20H < ZnO + H,0 + 2e -1.247
(le) Zn + 30H < HZnO, + H,O + 2e —1.188
(1f) Zn + 40H & ZnO,> + 2H,0 + 2e -1.214
(2) 2H,0 + 2e«> H, + 20H™ -0.828

(3) O, + H,0 + 4e <> 40H™ +0.401
(4a) Inh.aq + Zn < (Zn-Inh),4
(4b) HInh + Zn*" — ZnInh* + H"

(4c) HInh + ZnInh" < Zn(Inh)," + H"

AG,qs°, indicates that the reaction proceeds spontaneously and
is accompanied by efficient adsorption.

Comparing the value of AG,4° obtained from Freundlich
isotherm (AG,q4s° = —14.3 kJ/mole), from the kinetic-thermody-
namic model (AG,q4s° = —13.1 kJ/mole) and from Flory-Huggins
isotherm (AG,qgs° = —13.04 kJ/mole) which confirms that these
isotherms best fit the adsorption process occurring at the alloy
surface using 2-aminothiazole as an inhibitor in alkaline medium.

It is also observed that the value of the binding constant, ®,
increases from 426.6 in 0.01 M Na,SO,4 to 3548 in 0.01 M
NaOH which supports more protection efficiency. This clearly
indicates that the strength of electrical interaction by adsorbed
molecule and the metal surface increases in alkaline solution
compared to the neutral one.

The large negative value of AG,y° for the inhibitor in
0.01 M NaOH compared to the inhibitor in 0.01 M Na,SOy4
indicates that the adsorption of this inhibitor is stronger on the
alloy surface in alkaline medium compared to neutral medium.

3.3.4 Comparison Among the Different Studied
Media. The data recorded in alkaline pH (0.01 M NaOH)
were similar to those shown in neutral medium (0.01 M
Na,SO,). In acidic medium zinc dissolution proceeds on the
bare metal surface while in neutral and alkaline medium passive
corrosion has to be considered. In case of pure zinc which has
high hydrogen overpotential, hydrogen evolution is only
important in strongly acidic solutions. At higher pH values
oxygen reduction is the dominating cathodic corrosion reaction.
Because of the almost equal thermodynamic stability of ZnO
and Zn(OH), with a difference of 3 mV (reactions lc/d,
Table 9) a potentiometric differentiation between the two forms
is not possible. Therefore the higher inhibition efficiency (72%)
observed in neutral medium is due to the formation of the
above species in addition to Zn(Inh),.

In alkaline medium, the passivity due to the formation of
soluble zincate ions (HZnO,, Zn0,”"), has to be taken into
account. These compounds are formed in addition to Zn(Inh),
which cause high inhibition efficiency (80%).

3.3.5 The Formation and Composition of Zinc Thiazole
Complex. When zinc is present in a neutral solution con-
taining the inhibitor the pH decreases. This can be explained by

an overall complex formation reaction:
Zn** + 2HInh < Zn(Inh), + 2H" (Eq 26)

Thus, quantitative formation of Zn(Inh), complex occurs only
if the protons emanating from this equilibrium are removed, e.g.,
by reaction with hydroxyl ions. Therefore, the influence of
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complex formation on the inhibition efficiency of the thiazole
should increase with pH. This confirms the high inhibition
efficiency of the studied thiazole in alkaline medium, as compared
to the neutral medium, and to a higher extent, the acidic medium.

4, Conclusions

1. The inhibitor 2-aminothiazole shows good inhibition effi-
ciency for corrosion of Zn-Al-Cu alloy in Na,SO,4 and
NaOH solutions.

2. The inhibition efficiency increases with an increase in
inhibitor concentration and decreases with an increase in
temperature.

3. Analysis of the impedance data indicates control by dif-
fusion process.

4. The calculated values for the activation energy, enthalpy
change, and free energy change in presence of the inhibitor
are higher in NaOH solution than Na,SO, solution which
suggests higher protection efficiency in the former solution.
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