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Abstract

The inhibitory activity of some substituted N-arylpyrroles on aluminium corrosion in hydrochloric acid was
studied in relation to inhibitor concentration, using potentiodynamic and impedance spectroscopy techniques. All
investigated compounds were found to act as cathodic-type inhibitors and inhibition was ascribed to the adsorption
of inhibitor onto the electrode surface. The inhibiting efficiency of the additives depended on the inductive power of
the groups attached to the benzene and/or pyrrole ring. The carbaldehyde group showed better inhibiting power due
to additional condensation on the electrode surface. The impedance results analysed in terms of the polarization
resistance showed that the EIS technique can be successfully applied in the determination of corrosion resistance in

systems where the corrosion kinetics are not simple.

List of symbols

Stern—Geary constant

Tafel slope (V decade™)

concentration (M)

potential (V)

frequency (Hz)

current density (A cm™?)

complex variable for sinusoidal perturbations with

w=2nf

inductance (H cm?)

n  characteristic parameter of constant phase element
(CPE)

O coefficient reflecting combination of properties related

to surface and electroactive species (Q ' cm ™2 s")
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1. Introduction

Although aluminium is a reactive metal (E = —1.66 V
vs SHE), it is resistant to corrosion in solutions of pH
between 4 and 9, whenever aggressive ions, such as
chloride, are not present [1]. This resistance is attributed
to the presence of a thin, adherent and protective surface
oxide film. Above and below this pH range, solubility of
the oxide film increases, and aluminium exhibits uni-
form attack [1].

Hydrochloric acid solution is used for electrochemical
etching of aluminium foil and lithographic plates.

R resistance (Q cm?)
Z impedance (Q cm?)

Greek letters

n inhibiting efficiency

v sweep rate (Vs )

o angular speed (rad s~ )

Sub- and superscripts
c cathodic

corr corrosion

el electrolyte

i inhibitor
p  polarization
tot total

Because HCI is an aggressive medium, inhibitors are
often used to reduce the corrosion of metals. A number
of organic compounds have been described as alumin-
ium corrosion inhibitors in hydrochloric acid solution
[2-14], the majority being nitrogen-containing com-
pounds [2, 5-14]. Many N-heterocyclic compounds with
polar groups and/or m-electrons are efficient corrosion
inhibitors in acidic solutions. Organic molecules of this
type can absorb on the metal surface and form a bond
between the N electron pair and/or the m-electron cloud
and the metal, thereby reducing the corrosion in acidic
solution [2, 15].
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It was shown, in a previous study, that substituted N-
arylpyrroles acted as cathodic-type corrosion inhibitors
of aluminium in perchloric acid solution [16], and iron in
hydrochloric acid solution [17, 18]. Inhibiting properties
of 1-(2-chlorophenyl)-2,5-dimethylpyrrole-3,4-dicarb-
aldehyde on aluminium in hydrochloric acid solution
were also studied [9]. It was found that the position and
number of functional groups in the pyrrol, or the
benzene ring, strongly influence the inhibiting efficiency.

The aim of the present work was to study the
inhibiting properties of six substituted N-arylpyrroles
on the corrosion of aluminium in 0.5 M hydrochloric
acid solution. The investigation was performed using
potentiodynamic and electrochemical impedance spec-
troscopy (EIS) measurements.

2. Experimental details

The sample selected for the study was 99.6% pure
aluminium. Disc electrodes were machined from a
cylindrical rod 8 mm in diameter, and moulded in
polyester. Prior to each electrochemical experiment, the
electrode surface was abraded with emery paper to an
800 metalographic finish, exposed to a hot (40 °C)
1.0 mol dm™* sodium hydroxide solution for 15s,
rinsed with distilled water, left for 10 min in the
atmosphere and immersed in the electrolyte solution
for 10 min. This procedure gave good reproducibility of
results. In all measurements, the counter electrode was a
platinum gauze and the reference electrode was a
saturated calomel electrode (SCE). All potentials are
referred to the SCE.

The measurements were performed in 0.5 mol dm ™
hydrochloric solution deaerated with nitrogen without
and with the presence of six substituted N-arylpyrroles
in the concentration range from 5 x 107> to 5 x 107> M.
Substituted N-arylpyrroles were:

(A) 1-(2-methylphenyl)-2,5-dimethylpyrrole

(B) 1-(2-fluorophenyl)-2,5-dimethylpyrrole

(C) 1-(2-chlorophenyl)-2,5-dimethylpyrrole

(D) 1-(2-iodophenyl)-2,5-dimethylpyrrole

(E) 1-(2-fluorophenyl)-2,5-dimethylpyrrole-3-carbal-
dehyde.

The structural formulae of the investigated com-
pounds are presented in Figure 1. The compounds were
synthesized by Knorr—Paal condensation of 2,5-hexadi-
one with the corresponding anilines [19].

The measurements were carried out in a standard
electrochemical cell with a separate compartment for the
reference electrode connected to the main compartment
via a Luggin capillary. The cell was a water-jacket
version, connected to a constant temperature circulator.

The polarization curves, E against j, were obtained
using the linear potential sweep technique at a sweep rate
of 10 mV s™', going from the corrosion potential to the
cathodic and then to the anodic side. The polarization
resistances, R, were determined from the slope of the
polarization curves in the potential range from —20 mV
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Fig. 1. Chemical structure of the investigated compounds.

to +10 mV from the corrosion potential. This measure-
ment was performed with a sweep rate of 0.1 mV s .

Impedance measurements were performed in the
frequency range from 60 kHz to 50 mHz with an a.c.
amplitude £5 mV. All measurements were performed
using a PAR potentiostat model 273A and a PAR lock-
in amplifier model 5301A controlled by a personal
computer.

3. Results and discussion
3.1. Polarization behaviour

Examples of potentiodynamic polarization curves for Al
in hydrochloric acid solution, containing various sub-
stituted N-arylpyrroles, are shown in Figures 2 and 3. In
all cases, addition of inhibitors induced a negligible
decrease in the anodic currents, and a significant
decrease in the cathodic currents. The observed decrease
in cathodic current was the greatest for 1-(2-fluorophe-
nyl)-2,5-dimethylpyrrole-3-carbaldehyde (inhibitor E)
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Fig. 2. Tafel plots for aluminium in 0.5 M hydrochloric acid solution
without and in the presence of different concentration (c¢) of 1-(2-
methylphenyl)-2,5-dimethylpyrrole, (inhibitor A). Key for ¢: (1) 0, (2)
51075, (3) 1x 107 (4) 5% 1074, (5) 1 x 107 and (6) 5 x 1073 M.
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Fig. 3. Tafel plots for aluminium in 0.5 M hydrochloric acid solution
without and in the presence of different concentration (¢) of 1-(2-
fluorophenyl)-2,5-dimethylpyrrole-3-carbaldehyde, (inhibitor E). Key
fore: (1)0,(2)5x 1075, (3) 1 x 1074, (4) 5 x 107%,(5) 1 x 107 and (6)
5x107° M.

(Figure 3), somewhat less for 1-(2-fluorophenyl)-2,5-
dimethylpyrrole (inhibitor B), and almost the same for
all other inhibitors (Figure 2). The value of E,. was not
affected by the addition of inhibitors except for inhibitor
E, an increase in its concentration shifted the corrosion
potential in the negative direction. None of the inhib-
itors affected the anodic Tafel slope, which was around
58 mV. The cathodic Tafel slope of approximately
224 mV was observed in purely acidic solution, in the
presence of all inhibitors (Table 1) except for inhibitor
E. By increasing its concentration from zero to
5% 107 M, the cathodic Tafel slope b, gradually
changed from 224 to 348 mV (Table 2). The cathodic
Tafel slopes, b., above 180 mV indicate that the hydro-
gen evolution reaction takes place at the metal covered
by a surface layer, probably an oxide or an oxide-
inhibitor complex, which acts as a potential energy
barrier to the charge carriers [20, 21].

Taking into account all polarization characteristics it
can be concluded that, because they significantly affect
the cathodic polarization process, all investigated sub-
stituted N-arylpyrroles, can be classified as cathodic-type
inhibitors. However, cathodic Tafel slopes for inhibitors
A to D were approximately constant, which suggests that
the inhibiting action occurred by simple blocking of the
available cathodic sites on the metal surface, which led to
a decrease in the exposed area necessary for hydrogen
evolution and lowered the dissolution rate with increas-

Table 1. Corrosion parameters for aluminium in 0.5 M HCI solution
without and with the presence of 1-(2-methylphenyl)-2,5-dimethylpyr-
role (inhibitor A)

¢ (inhibitor) —b. —Ecorr Ry NRp
/mol dm~* /mV /mV /Q cm? 1%
0 224 792 50 -
5%107° 202 815 169 70.4
1x 1074 207 803 174 71.3
5x 1074 200 817 179 72.1
1x1073 206 818 219 77.2

5% 1073 238 825 274 81.8
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Table 2. Corrosion parameters for aluminium in 0.5 M HCI solution
without and with the presence of 1-(2-fluorophenyl)-2,5-dimethylpyr-
role-3-carbaldehyde (inhibitor E)

¢ (inhibitor) —b. —Ecorr R, NRp
/mol dm~* /mV /mV /Q cm? 1%
0 224 792 50 -
5%107° 246 800 258 80.6
1x10* 303 802 270 81.5
5x 1074 325 820 289 82.7
1x10°? 260 821 347 85.6
5% 1073 348 891 1239 96.0

ing inhibitor concentration. The shift of E,, towards
more negative values, as observed in the presence of
inhibitor E, indicates that this compound prevents
localised attack on aluminium surface. Thus, the E..,.
shift appears to be a suitable parameter for rating
resistance to localized corrosion [22].

Polarization resistances, R, for aluminium in hydro-
chloric acid solution, alone and in the presence of
inhibitors, were determined from the current—potential
curves in the vicinity of E.,,. Straight lines were
obtained in the potential range E.,, —20 mV and
Ecorr +10 mV. Generally, R, values increased with
increasing inhibitor concentration, and were greatest
for 1-(2-fluorophenyl)-2,5-dimethylpyrrole—3-carbalde-
hyde (inhibitor E), somewhat less for 1-(2-fluorophe-
nyl)-2,5-dimethylpyrrole (inhibitor B), and almost the
same for all other inhibitors. R, values were used to
calculate the inhibiting efficiency, 1, using the equation
Hrp = (1 — Ry o/Rpi), where R, is the polarization
resistance for aluminium in hydrochloric acid without
inhibitors, and R, ; is the polarization resistance in the
presence of inhibitors. Tables 1 and 2 contain the values
of cathodic Tafel slope, b., corrosion potential, E.,
polarization resistance, Ry, and inhibiting efficiency, 1z,
for 1-(2-methylphenyl)-2,5-dimethylpyrrole and 1-(2-
fluorophenyl)-2,5-dimethylpyrrole-3-carbaldehyde, re-
spectively, at all concentrations. The values for R, and
Nrp obtained for all inhibitors at ¢ = 5x 107> M are
presented in Table 3 for comparison.

3.2. Electrochemical impedance spectroscopy
measurements

Impedance spectra for aluminium in 0.5 M hydrochloric
acid, without and in the presence of different concen-
trations of inhibitors, were similar in shape. The

Table 3. Polarization resistance and inhibition efficiencies for alumi-
nium in 0.5 M HCI solution in the presence of various inhibitors at a
concentration of 5x 107 M

Inhibitor R,/Q cm? Nrpl %o
A 274 81.8
B 285 82.5
C 182 72.5
D 264 81.1
E 1239 96.0
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Fig. 4. Nyquist plots for aluminium in 0.5 M hydrochloric acid
solution without (@) and in the presence of: (O) 5x 107>, (V)
1x107% (V) 5x107%, (@) 1x107% and (O) 5x 107> M 1-(2-
methylphenyl)-2,5-dimethylpyrrole, (inhibitor A).

appearance of two semicircles in the impedance diagram
was common to all systems. The high frequency
semicircle corresponds to a capacitive loop and the
low frequency semicircle corresponds to an inductive
loop. The semicircle radii were dependent on the
inhibitor used and its concentration. Nyquist plots for
aluminium in hydrochloric acid, alone and in the
presence of 1-(2-methylphenyl)-2,5-dimethylpyrrole (in-
hibitor A) and 1-(2-fluorophenyl)-2,5-dimethylpyrrole—
3-carbaldehyde (inhibitor E), are presented in Figures 4
and 5, respectively. Impedance spectra, obtained in the
presence of all inhibitors at ¢ = 5 x 107> M, are pre-
sented in Figure 6 for comparison. The diameter of the
high frequency capacitive semicircle markedly increased
with increasing inhibitor concentration, especially in the
presence of 1-(2-fluorophenyl)-2,5-dimethylpyrrole—3-
carbaldehyde (inhibitor E), indicating its superior in-
hibiting properties.

Figures show that at least two time constants can be
observed in all cases. The first time constant corresponds
to the capacitive loop at higher frequencies and the
second to the inductive loop at lower frequencies (up to
50 mHz). In the investigated frequency range, similar
impedance plots were reported for aluminium in various
electrolytes such as hydrochloric acid [9, 23-25], sulfuric
acid [26, 27], sodium chloride [28, 29], sodium sulfate
[26, 29] and acetic acid [27]. In some of the mentioned
cases, a third time constant (a capacitive loop) was also

1
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Fig. 5. Nyquist plots for aluminium in 0.5 M hydrochloric acid
solution without (@) and in the presence of: (O) 5x 107>, (V)
Ix107% (V) 5x107% (@) 1x1073 and (O) 5x107°M 1-(2-
fluorophenyl)-2,5-dimethylpyrrole-3-carbaldehyde, (inhibitor E).
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Fig. 6. Nyquist plots for aluminium in 0.5 M hydrochloric acid
solution without and in the presence of all inhibitors at concentration
of 1 x 1073 M.

observed, but only in the frequency range from about
100 to 1 mHz.

As far as the origin of the different time constants is
concerned, it can be concluded that there is no agree-
ment about it. The time constant at high frequencies has
often been attributed to the formation of an oxide layer
or to an oxide layer itself. Brett [24, 25] attributed this
time constant to the interfacial reactions, in particular to
the reaction of aluminium oxidation at the metal|ox-
ide|electrolyte interface. The process includes formation
of Al" ions at the metalloxide interface, and their
migration through the oxide layer due to a high electric
field strength, to the oxide|solution interface where they
become oxidized to AI’*. At the oxide|solution inter-
face, OH™ or O®~ jons are also formed. The fact that all
these processes are represented by only one time
constant could be understood either by overlapping of
the time constants of separate processes, or by the
assumption that one process dominates and, therefore,
excludes the other processes [27]. The other possible
explanation for the high frequency capacitive constant is
the oxide film itself. This assumption was supported by a
linear relationship between the inverse of the capaci-
tance and the potential found by Bessone et al. [30] and
Wit et al. [31]. The oxide film thickness observed by
Lenderink et al. [27] and by Frers et al. [28], although
much thinner than the naturally formed one, supported
this assumption.

The origin of the inductive loop on aluminium is also
not clear. It is often attributed to surface or bulk
relaxation of species in the oxide layer [28]. Burstein’s
measurements [32, 33] confirmed that the inductive loop
is closely related to the existence of a passive film on
aluminium. Bessone et al. [30] suggested that the induc-
tive time constant is the result of a rearrangement of
surface charge at the metal|oxide interface. It was also
proposed that adsorbed intermediates in reduction of
hydrogen ions could cause an inductive loop [9, 27].
Bessone et al. [29] have observed an inductive loop for
the pitted active state on aluminium and attributed it to
surface area modulation or salt film property modula-
tion. Keddam et al. [34] have proposed the same
hypothesis for the anodic dissolution of aluminium
in acidic sodium chloride solution. In our previous
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Fig. 7. Equivalent circuit diagram for total impedance (a), and
complex impedance diagram for equivalent circuit (b).

investigation [9, 10] of corrosion and inhibition of
aluminium in dilute hydrochloric acid solution, we
correlated the high frequency capacitive loop with the
properties of the oxide film itself, while the low
frequency inductive loop was attributed to the slow
relaxation process of hydrogen adsorption, as well as
aluminium dissolution.

The equivalent circuit used to fit the experimental
data is shown in Figure 7 under (a), together with its
complex impedance diagram under (b). It consists of a
constant phase element (CPE) Q in parallel with series
resistors Ry and R,, and an inductance, of magnitude L,
in parallel with R,. Accordingly, the total impedance
Z:ot 18 equal to the sum of R, and Z;, where Z; is

1 1 -
Zi=—m4—— 1
: <ZCPE+ZZ +R1) (m
and Z, is
11\
Z=—+— 2
2 <R2+ij) 2
R3L(j RyL2w?
ZZZ 2 (JOJ)+ 2L (3)
R3 + @22

Thus, the total impedance is given by

-1
R2L(jo) + Ry L*o? -
5L (jw) 2 Rl)

Ztolal = Rel + {Q(_](D) +< R% n 022

(4)

The use of CPE type impedance has been extensively
described in the literature for this type of study.
Exponent # in Equation 5 for CPE impedance
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Zepe = [0(jo)"]”! (5)

provides information about the degree of non-ideality in
capacitive behaviour. Its value makes it possible to
differentiate between the behaviour of a CPE (n < 1)
and that of an ideal capacitor (n = 1). In the complex
impedance plot (Figure 7(b)), the value of R; represents
the intersection point of the low-frequency semicircle on
the real axis, for w — 0. In general, the value of this
intersection may be used to obtain the apparent a.c.
polarization resistance R,

Ry = lim [Zpeu (6)

The polarization resistance, Ry, is correlated unequi-
vocally to the corrosion current density (joorr = B/R}) in
relatively simple corrosion systems characterized only
by a charge transfer-controlled process. In more com-
plicated systems, that is, in real three-dimensional
inhomogeneous systems [35], because of the time-
dependent formation of the porous or compact barrier
layer, R, is in general a complicated function determined
by the rates of charge transfer, mass transport and
chemical reaction [36].

For each set of experimental data, the parameters Qy,
n, Ry, R, and L were evaluated using a simple least
square fitting procedure. The experimental data were
found to be sufficiently well fitted by the transfer
function of the equivalent circuit presented in Figure 7
within the limits of experimental error and reproduc-
ibility of the data.

Table 4 contains the values of impedance parameters
for all inhibitors, at ¢ =5x 107> M. The value of
electrolyte resistance, R, was around 1 Q in all experi-
ments.

Results show that the value of polarization resistance,
R,, increases with increasing inhibitor concentration.
Since R, is inversely proportional to the corrosion

current, it can be used to calculate the inhibitor
efficiency, 7,
Nac. = (Rp.,i - Rp,O)/Rp,i (7)

where R,; and R, are polarization resistances, with
and without inhibitor, respectively. Inhibitor efficiency
increased with increasing inhibitor concentration. The
highest inhibitor efficiency was always observed in the

Table 4. Impedance parameters for aluminium in 0.5 M HCI solution
in the presence of various inhibitors at a concentration of 5 x 107> M

10° x 0, n R R, L

Inhibitor Nac.
Q' em 2 s" /Qem®  /Qem?  /Hem? /%
A 2.81 0.96 278 91 8 93.2
B 2.43 0.96 280 82 10 93.2
C 3.06 0.96 195 80 9 90.3
D 2.42 0.96 210 24 7 91.0
E 2.11 0.94 1045 224 242 98.2
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presence of 1-(2-fluorophenyl)-2,5-dimethylpyrrole-3-
carbaldehyde (inhibitor E), somewhat lower in the
presence of 1-(2-fluorophenyl)-2,5-dimethylpyrrole (in-
hibitor B) and almost equal in the presence of the other
investigated N-arylpyrroles. The inhibitor efficiency for
all inhibitors at a concentration of 5x 107> M is
presented in Table 4.

A comparison of the inhibiting efficiencies obtained
using a.c. and d.c. methods shows that acceptable
agreement is achieved. The efficiency values obtained
from impedance measurements were somewhat (up to
10%) higher than those observed using the polarization
technique. However, the order of magnitude was the
same for both methods.

Substituted N-arylpyrroles A to D differ only
by the substituent in the benzene ring at position 2,
either the methyl, fluoro, chloro or iodo group. All,
except the fluorinated N-arylpyrrole, showed almost
equal inhibiting efficiency over the entire concentration
range. 1-(2-fluorophenyl)-2,5-dimethylpyrrole showed
somewhat higher (up to 5%) inhibiting efficiency by
both d.c. and a.c. methods. Superior protective proper-
ties of this compound were also found by Metikos—
Hukovic et al. [18] in investigations of iron corrosion
in hydrochloric acid solution. By inserting flourine, the
most eclectronegative element, in the ortho position of
the benzene ring, the electron charge density of the
molecule increased, leading to an accelerated and
stronger adsorption on the positively charged metal
surface. In the case of iron corrosion, it was shown [18]
that fluorine substitution in the ortho position is much
more effective than substitution in the meta and para
positions.

The best inhibiting efficiency for aluminium corrosion
in hydrochloric acid solution was observed in the
presence of 1-(2-fluorophenyl)-2,5-dimethylpyrrole—3-
carbaldehyde. Carbaldehyde substituted N-arylpyrroles
also exhibited the best inhibiting efficiency for alumin-
ium corrosion in perchloric acid [16]. Inserting the
carbaldehyde group additionally increased the electron
density of the inhibitor molecule, thus causing stronger
adsorption on the metal surface. It was also found that
insertion of the carbaldehyde group into the pyrrole ring
of substituted N-aryl-2,5-dimethylpyrroles caused a
condensation reaction between methyl and aldehyde
groups, which lead to the formation of two C=C double
bonds connecting two pyrrole molecules, as shown in
Figure 8. A further increase in electron density, due to
double bond formation, gave rise to increasing protec-
tion efficiency as a result of m-electron interaction
between the inhibitor molecules and the metal.

4. Conclusions

The corrosion behaviour of aluminium was investigated
in 0.5 M hydrochloric acid with and without addition of
different substituted N-arylpyrroles, using potentiody-
namic and EIS techniques.

CHO H

2.
/Q
T

J'\T/[ ................

HaC

CH—/HC

c” : : : CH=HC
Fig. 8. Condensation product of 1-(2-fluorophenyl)-2,5-dimethylpyr-
role-3-carbaldehyde, (inhibitor E).

Polarization measurements showed that all substitut-
ed N-arylpyrroles induced a decrease in the cathodic
currents without affecting the anodic polarization be-
haviour. A shift of corrosion potential to the negative
side was observed only in the presence of the carbalde-
hyde group in a pyrrole ring. The large cathodic Tafel
slopes obtained in the presence of all inhibitors indicated
that hydrogen evolution occurred at the metal surface
covered by an oxide film-inhibitor complex, which acted
as a potential-energy barrier to the charge carriers.

Impedance measurements at E.,, showed a high
frequency capacitive loop related to the dielectric
properties of the surface film and a low frequency
inductive part attributed to the relaxation of adsorbed
species and metal dissolution. Electrical parameters of
the proposed equivalent circuit were calculated, and
inhibitory efficiencies were determined.

Both polarization and impedance measurements
showed that inhibitory efficiency increased with increas-
ing inhibitor concentration. The ability of N-arylpyr-
roles to inhibit hydrogen evolution was attributed to the
adsorption of inhibitor molecules, that could be mod-
ified by insertion of different functional groups with
varying inductive power. The high inhibition efficiency
of 1-(2-fluorophenyl)-2,5-dimethylpyrrole—3-carbalde-
hyde was attributed to the condensation reaction of
inhibitor molecules at the electrode surface.
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