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ABSTRACT: The inhibitory effect of a 3-(10-sodium sul-
fonate decyloxy) aniline monomeric surfactant and the
analog polymeric surfactant poly[3-(decyloxy sulfonic
acid) aniline] (PCyy) on the corrosion of aluminum in 0.5M
hydrochloric acid was studied with weight loss and poten-
tiodynamic polarization techniques. The results show that
the inhibition occurred through the adsorption of inhibitor
molecules on the metal surface. The inhibition efficiency
was found to increase with increasing inhibitor concentra-
tion and decrease with increasing temperature. It was
found that these inhibitors acted as mixed-type inhibitors

with anodic predominance. The adsorption of these com-
pounds on the metal surface obeyed the Langmuir and
Frumkin adsorption isotherms. Thermodynamic functions
for both the dissolution and adsorption processes were
determined. The obtained results from the weight loss and
potentiodynamic polarization techniques were in a good
agreement. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 122:
3030-3037, 2011
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INTRODUCTION

Aluminum (Al) finds a wide spread spectrum of
technological applications because of its particular
properties, including its low density, good appear-
ance, and corrosion resistance. For these reasons, the
corrosion behavior of Al has attracted the attention
of many investigators."” Hydrochloric acid solutions
are used for pickling and chemical and electrochemi-
cal etching of Al and its alloys. It is very important
to add a corrosion inhibitor to decrease the corrosion
rate of Al in such solutions. Several authors'™ have
studied the corrosion inhibition of Al and its alloys
by organic inhibitors in acid solutions. Various ali-
phatic and aromatic amines and nitrogen heterocy-
clic compounds have been applied as corrosion
inhibitors for Al in acid media.”” Hydrazine com-
pounds,'®'? organic acids, and their salts,"® dicyan-
diamide and some of its related (:ompounds,14
ethoxylated fatty acids,'” and Schiff bases'® have
also been found to inhibit the corrosion of Al in a
hydrochloric acid (HCl) solution.

The adsorption of a surfactant on a metal surface
can markedly change the corrosion-resistance prop-
erties of the metal.'”'® Therefore, the study of rela-
tion between the adsorption and corrosion inhibition
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is of great importance. Recently, many surfactants
have been widely used as corrosion inhibitors for
some metals and alloys in cleaning, pickling, and
waterborne printing inks processes.'””

Water-soluble  polymeric  compounds have
attracted great interest as corrosion inhibitors for dif-
ferent metals in different media.*>*® Polyvinylpyrro-
lidone has received particular attention and has been
applied to the inhibition of Al in hydrochloric acid
solution.”

In this work, the effect of a novel inhibitor, a 3-
(10-sodium sulfonate decyloxy) aniline (MCy)
monomeric surfactant, and its analog polymer, a
poly[3-(decyloxy sulfonic acid) aniline] (PC;o) poly-
meric surfactant, on the corrosion behavior of Al in
an acid medium was investigated in different con-
centrations and temperatures with weight-loss,
potentiodynamic polarization methods. Also, the
thermodynamic functions for the dissolution and
adsorption were investigated. Careful examination
of the literature revealed that the studied polysurfac-
tant had not yet been studied as a corrosion
inhibitor.

EXPERIMENTAL
Materials

3-Aminophenol, potassium persulfate, and 1,10-
dibromodecane were obtained from Aldrich Chemi-
cal Co. (England). Sodium sulfite, used in the
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TABLE I
Elemental Analyses of MCy4 and Its Analog PC;y
C (%) H (%) Cl (%) S (%) N (%) Na (%)
Surfactant Calced Found Caled Found Calced Found Caled Found Caled Found Caled Found
MCyg 54.70 54.12 741 7.32 — — 9.12 8.98 3.99 3.61 6.55 6.28
PCyg 53.74 52.96 4.90 4.74 8.97 8.73 8.96 8.75 3.96 3.72 — —

synthetic process, was obtained from Merck Chemi-
cal, Ltd. (Darmstadt, Germany). Pure-grade HCl was
provided by Prolabo Chemical Co. (England).

Weight-loss measurements

Al metal was provided by the Egyptian Aluminum
Co. (Nag Hammady, Egypt) with dimensions of 2 x
2 x 0.1 cm®, with a chemical composition of 99.57
wt % Al, 0.31 wt % Fe, 0.07 wt % Si, 0.015 wt % Ti
%, 0.0016 wt % Zn, 0.0003wt % Cr, 0.0019 wt % Mg,
0.0021 wt % Mn, and 0.0007 wt % Cu. The samples
were polished successively with fine-grade emery
papers, cleaned with acetone, washed with double-
distilled water, dried, weighed, and then introduce
into the test solution.

Potentiodynamic polarization measurements

The working electrode was made from Al rod that
has the same composition as mentioned in the previ-
ous section. The rod was axially embedded in
araldite holder to offer an active, flat, disc-shaped
surface with an area of 0.785 cm 2. Before each
experiment, the working electrode was polished suc-
cessively with fine emery paper, rinsed with acetone,
washed with double-distilled water, and finally
dried before it was dipped into the electrolytic cell.
A platinum wire was used as a counter electrode,
and a saturated calomel electrode (SCE) was used as
the reference electrode to which all potentials were
referred.

The electrochemical experiments are performed
with a Wenking PGS95 potentiostat/galvanostat con-
nected to a computer. The current - potential curves
(I-E) were recorded with computer software (ECT).
We carried out the experiments by changing the
electrode potential automatically from the starting
potential toward more positive values at the
required scan rate until the end of the experiments.

Synthesis of MCyg

3-(10-Bromodecyloxy) aniline monomeric surfactant
was prepared by an equimolar reaction between
3-aminophenol with 1,10-dibromodecane in the pres-
ence of sodium ethoxide. The product 3-(10-bromo-
decyloxy) aniline was reacted with sodium sulfite to
produce MCy.

Synthesis of PCy,

MCy in a 2.0M HCI solution (25 mL) was intro-
duced into a well-stoppered conical flask with a 250-
mL capacity, followed by the addition of a required
amount of potassium persulfate dissolved in a 2.0M
HCI solution (25 mL) to the reaction mixture under
a nitrogen atmosphere. The order of addition of sub-
stances was kept constant in all of the performed
experiments. The stoppered conical flask was then
placed in an automatically controlled thermostat at
25°C. The flask was shaken (50 shakings/10 s/
15 min) for 1 h with an automatic shaker and then
left for 72 h at room temperature to continue the
reaction. The reaction mixture was filtered with a
Buchner funnel, and the solid was washed with the
distilled water and finally dried in vacuo at room
temperature until a constant weight was reached.

Elemental and spectroscopic analyses

The elemental analysis of the prepared monomeric
surfactant (MCyp) and its analog polymer (PC;p)
were carried out in the microanalytical laboratory at
Cairo University with oxygen flask combustions and
a dosimat E415 titirator (Switzerland). The data are
summarized in Table I, which shows that there was
good agreement between the calculated structure
and the suggested structures present in Scheme 1.
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Scheme 1 Structures of (A) the monomeric surfactant
and (B) the analog polymeric surfactant.

Journal of Applied Polymer Science DOI 10.1002/app



3032

EL-DEEB AND MOHAMED

TABLE 1I
IR Absorption Bands and Their Assignments for MC,, and Its Analog PCy,

Wave number (cm™')?

MCyg PCyo Assignmentb

520° 494™ Bending deformation of NH in primary aromatic amines

630°" — Out-of-plane bending deformation of CH in a 1,3-disubstituted benzene ring
751° 755° In-plane rocking vibration for CH in an aliphatic chain

— 820™ Out-of-plane bending deformation of CH in a 1,3,4-trisubstituted benzene ring
918™ 974° Symmetric stretching vibration for an S—O or C—N group

— 1056" Symmetric stretching vibration for a C—O group

1138° 1128"

1204™ —

1326" 1320% Symmetric stretching vibration for an S=O group

1437° 1404° Scissoring deformation for CH in a methylene group

— 1565™ Stretching vibration for a quinoid structure in a benzene ring

1636° 1634° Stretching vibration for C=C in a benzene ring

2840°" 2855" Symmetric stretching vibration for a CH group in an aliphatic chain

2928™ 2930™ Asymmetric stretching vibration for a CH group in an aliphatic chain
3051°" 3045 Symmetric stretching vibration for a CH group in a benzene ring

3225°" 3147° Stretching vibration for an OH group in an SO;H group

3417°h — Symmetric stretching vibration for NH in an aromatic amine

3447° 3470° Asymmetric stretching vibration for NH in an aromatic amine

3567™ — Stretching vibration for a free OH group in an SO;H group

@ The superscripts s, m, w, b, and sh indicate sharp, medium, weak, broad, and shoulder, respectively.

" These data were taken from Silverstyein et al.”’

The infrared (IR) spectroscopy analysis of the pre-
pared monomeric surfactant (MCyp) and its analog
polymer (PCyp) was carried out in the microanalyti-
cal laboratory at Cairo University with a Jasco FTIR-
430 spectrophotometer (Shimadzu) and potassium
bromide disc techniques. The IR absorption bands
and their assignments27 of MC;g and PC;y are sum-
marized in Table II. The broad absorption band
appearing at 520 cm ™' may have been due to bend-
ing deformation of the N—H group attached to the
benzene ring in the case in which the monomer
appeared as a medium band at 494 cm ' with slight
shift in the case of the polymer. The shoulder
absorption band appearing at 630 cm ' was attrib-
uted to the out-of-plane deformation of CH for the
1,3-disubstituted benzene ring in the case of the
monomer; it disappeared in the case of the polymer.
The sharp absorption band appearing at 751 cm ™',
due to the rocking deformation of the methylene
group in the aliphatic chain in the case of the mono-
mer, appeared as a broad band at 755 cm ™!, with a
slight shift in the case of the polymer. The medium
absorption band at 820 cm ™!, which was attributed
to the out-of-plane deformation of the CH group in
the 1,34-trisubstituted benzene ring in the case of
the polymer, disappeared in the case of the mono-
mer. The medium absorption band appearing at
1565 cm ' was assigned to the symmetric stretching
vibration of C=C in the quinoide structure in the
benzene ring and disappeared in the case of the
monomer. Other absorption bands and their assign-
ments are summarized in Table II

Journal of Applied Polymer Science DOI 10.1002/app

Critical micelle concentrations and contact angles

The critical micelle concentrations and contact angles
for the prepared monomeric surfactant (MC,o) and
its analog polymer (PC;9) were measured in the hy-
drochloric form with different concentrations by a
K100 tensiometer (KRUSS type) at 30°C.

RESULTS AND DISCUSSION
Weight loss measurements

The weight loss (mg/cm?) of Al in a 0.5M HCl
solution in the absence and presence of different
concentrations of MCj, and its analog PC;y was
investigated at 30°C as a function of the immersion
time, and the data are graphically represented in
Figure 1. The slope of the straight line relationship
for each line (mg cm ? min ') represents the corro-
sion rate of Al at the specified conditions. From
these data, the weight loss and the corrosion rate of
Al increased with the immersion time. On one hand,
the dissolution of Al in the HCI solution was slow
and increased with the immersion time, as indicated
by the increase in weight loss with time. This may
have been due to the presence of a pre-immersion
hydrate AlLOs film on the metal surface.”” On the
other hand, the addition of the monomeric surfac-
tant (MCyp) and its analog polymer (PCyp) retarded
the rate of dissolution and inhibited the acid corro-
sion of Al. The inhibition efficiency values at differ-
ent inhibitor concentrations and temperatures were
calculated from the following equation:
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Figure 1 Weight loss versus the immersion time for Al in
a 0.5M HCI solution in the absence and presence of differ-
ent concentrations of MCyy and PCyq at 30°C.

Inhibition efficiency (%) = 100 x [1 — (W/Wy)] (1)

where Wy and W are the weight losses per unit of
time in the absence and presence of inhibitors,
respectively. The data are summarized in Table IIIL
As shown in Table III, the inhibition efficiency of
PCyp was higher than that of MCyo. The inhibition
efficiency increased with increasing concentration of
two surfactants and reached a maximum value at a
critical concentration (1.43 x 107> mol/L in case of
MC;y and 3.44 x 107® mol/L in case of PCj).
Beyond this critical concentration, the efficiency
tended to achieve steady-state values. It was seen
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that the maximum efficiency was obtained at con-
centrations lower than the respective critical micelle
concentration (4.6 x 10~* mol/L for MC;o and 2.1 x
10~* mol/L for PCyg). This means that the adsorp-
tion of these surfactants on the Al surface reached
equilibrium before the formation of micelles (the
aggregation of these surfactant long chains into
fairly large charged units).

The contact angle is the angle formed when a lig-
uid droplet is placed on the solid surface, and its
values vary from 0° (perfect wetting) to 180° (com-
plete nonwetting). The values of the contact angles
for MCy9 and PCyg at 30 °C are given in Table IIL
The data clearly show that the inhibition efficiency
of these two inhibitors increased with the decrease
in their contact angles. Moreover, it was observed
that the contact angles for PCyy were lower than
these for MCyg in all of the investigated concentra-
tions; this confirmed that PC;y was more effective
than MC;j in inhibiting the acid corrosion of Al.

Figure 2 shows the influence of the temperature
on weight loss for Al in 0.5M HCI in the absence
and presence of 10 ppm of both MC;y and PC;o. The
data show that the weight loss and the corrosion
rate of the Al sample increased with increasing tem-
perature, and the addition of both inhibitor surfac-
tants retarded the rate of dissolution in all ranges of
the investigated temperatures. This could have been
due to the decrease in the strength of the adsorption
process with increasing temperature; this suggested
that physical adsorption may have been the type of
adsorption of the inhibitor on the Al surface.

The corrosion rate (mg cm ™ > min ') for each concen-
tration of MC;y and PCy (from 1 to 10 ppm) was calcu-
lated at different temperatures, and the logarithm of
the corrosion rate was plotted against the reciprocal of
the absolute temperature (1/T) for each concentration
according to Arrhenius equation:*>?

Logarithm of the corrosion rate = —E;/2.303RT + A
@)

where E, is the apparent effective activation energy,
R is the wuniversal gas constant, and A is the

TABLE III
Inhibition Efficiency and Contact Angle Values of Al in 0.5M HCI Solutions Containing Various Concentrations
of MC;y and Its Analog PC,, at 30°C

Inhibition efficiency (%)

Weight loss Polarization Contact angle (°)
Concentration (ppm) MCy PCyp MCyg PCyo MCy PCyg
1 26.2 32.7 26.6 34.9 62.20 29.07
3 422 46.7 44.0 50.8 49.01 25.97
5 48.1 59.3 499 58.3 00.00 8.52
10 47.0 53.0 46.4 54.0 22.90 10.33

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Weight loss versus the immersion time for Al in
a 0.5M HCI solution (a) in the absence of MCy, (b) in the
presence of 10 ppm MC;p, and (c) in the presence of 10
ppm PCy at different temperatures.

Arrhenius pre-exponential factor. The values of E, in
the absence and presence of each concentration of
both surfactants were calculated and are tabulated
in Table IV.

An alternative formula of the Arrhenius equation

is the transition state equa’cion:23'26

Rate = RT/Nh exp(AS°/R) exp(~AH°/RT) (3)

EL-DEEB AND MOHAMED

where h is Planck’s constant, N is Avogadro’s num-
ber, AS® is the entropy of the activation, and AH’ is
the enthalpy of activation. The plot of the log(corro-
sion rate/T) versus 1/T gives a straight line with a
slope of (—~AH/2.303R), from which the values of
AH® were calculated; they are listed in Table IV.

The data in Table IV reveal that the addition of both
surfactant inhibitors enhanced the values of both E,
and AH’. This enhancement may have been due to the
adsorption of surfactant inhibitors on the Al surface
and increased the energy barrier of the corrosion reac-
tion as the concentrations of the inhibitors increased.
This suggests that the process was activation-con-
trolled. The activation energy value of 79.4 k] /mol for
the HCI inhibitor systems suggested the fact that the
inhibitors were physically adsorbed on the Al surface,
which was in agreement with some earlier reports.”® '

Potentiodynamic polarization measurements

Figure 3 shows the effect of different concentrations of
MC;y and PCy on the potentiodynamic cathodic and
anodic polarization curves for Al in a 0.5M HCI solu-
tion with a scan rate of 25 mV /s at 30°C, whereas Fig-
ure (4) illustrates the influence of temperature on the
potentiodynamic cathodic and anodic polarization
curves of Al in a 0.5M HCI containing 10 ppm of both
MC;y and PCy. The data clearly show that the addi-
tion of MC;, and PC;, enhanced both the anodic and
cathodic overpotential and decreased the correspond-
ing partial anodic (dissolution of the metal) and partial
cathodic (evolution of hydrogen) current densities.
The addition of each inhibitor decreased the values of
I.orr 18 corrosion current; this confirmed the inhibition
of the corrosion process. Moreover, the corrosion
potentials were displayed to more positive values in
the presence of the inhibitors; this revealed that these
surfactants predominately acted as anodic inhibitors.

The electrochemical parameters (Icorr, Ecorr, COrrosion
potential, B, and B, are cathodic and anodic Tafel slope
respectively) and the corrosion rate associated with the
corrosion of Al in the absence and presence of different
concentrations of MCyg and PCyy at different tempera-
tures are listed in Tables III, V, and VI, respectively.

TABLE IV
Effects of the Concentrations of MCy, and Its Analog PC;y on the Thermodynamics of the Dissolution Process of Al
in a 0.5M HCI Solution

E, (k] /mol) AH® (KJ/mol)

Weight loss Polarization Weight loss Polarization
Concentration (ppm) MC]O PC]O MC]O PClO MClO PC10 MC10 PC10
Blank 57.4 57.4 57.3 57.3 55.5 55.5 54.7 54.7
1 62.33 66.7 61.7 65.1 59.61 63.51 59.2 62.2
3 67.89 70.9 68.7 71.3 64.63 68.95 66.1 68.7
5 70.22 79.1 70.1 79.4 68.82 78.90 65.4 75.8
10 69.31 78.6 68.9 74.8 66.95 77.00 67.4 71.4

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Effects of the MC;y and PCyy concentrations on
the cathodic and anodic polarization of Al in a 0.5M HCI
solution at a scan rate of 25 mV/s at 30°C.

It was seen that the inhibition efficiency increased
with increasing surfactant concentration up to critical
concentrations but decreased with increasing temper-
ature. The presence of these inhibitors did not signifi-
cantly change the values of cathodic and anodic Tafel
lines slopes. These results indicate that these inhibi-
tors acted by simply blocking the available surface
area for the corrosion process. In other words, each
inhibitor decreased the surface area for corrosion
without affecting the mechanism of the corrosion
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Figure 4 Effects of the temperature on the cathodic and an-
odic polarization of Al in a 0.5M HCl solution in the presence
of 10 ppm MCj, and PCy at a scan rate of 25 mV/s.

process and only caused inactivation of a part of the
Al surface with respect to the corrosive medium.

Adsorption isotherm

To get more information about the mode of adsorp-
tion of these inhibitors on the Al surface at different
temperatures, the obtained data from the two differ-
ent techniques were tested with several adsorption
isotherms, and it was found that the experimental
data fit the Langmuir adsorption isotherm, which is
given by the following equation:**

TABLE V
Electrochemical Parameters Associated with Polarization Measurements for Al in a 0.5M HCI Solution in the Absence
and Presence of Different Concentrations of MC,o and Its Analog PC4 at 30°C

MC10 PClO
Concentration Ecorr Versus Teorr Ba —Be Ecorr Versus Teorr Ba —Be
(ppm) SCE (mV) (LA /cm?) (mV/dec) (mV/dec) SCE (mV) (A /cm?) (mV/dec) (mV/dec)

Blank —0.82 95.22 —0.349 0.044 —0.82 95.22 —0.349 0.044
1 -0.721 69.82 —0.34 0.109 -0.77 62.00 —0.307 0.047
3 -0.71 52.84 —0.347 0.121 —0.79 46.83 -0.37 0.075
5 -0.82 47.7 —0.268 0.103 —0.788 39.83 —0.34 0.066

10 —0.75 50.98 -0.319 0.084 —0.56 43.82 —0.614 0.81

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE VI
Electrochemical Parameters Associated with Polarization Measurements for Al in a 0.5M HCI Solution in the Presence
of 10 ppm MCy, and Its Analog PC;, at Different Temperatures

T Ecorr versus Icorr Ba _BC Ecorr versus Icorr Ba _BC
(K) SCE (mV) (uA/cm?) (mV/dec) (mV/dec) SCE (mV) (uA/cm?) (mV/dec) (mV/dec)
303 —0.75 50.98 —0.319 0.084 —0.56 43.82 —0.614 0.81
313 —0.76 216.6 0.168 1.04 —-0.97 198.6 —0.55 0.8
323 -0.77 383.1 -0.77 —0.163 —0.98 374.6 —043 0.11
333 -1.07 558.6 —0.39 0.164 —1.01 541.1 —0.54 0.16

Ci/0 =1/Kugs + C; (4)  The adsorption isotherm relationship of Frumkin is

where C; is the concentration of the inhibitor in a
bulk solution, 0 is the surface coverage (6 = Inhibi-
tion efficiency/100), and K,4s is the adsorption equi-
librium constant.

Figure 5 represents curves fitting of MC;, and
PCyp with data obtained from the potentiodynamic
polarization measurements. Similar results were
obtained from the weight loss technique.

The Frumkin adsorption isotherm was also found
to fit well with the experimental data obtained from
the weight loss technique for both MC;, and PCy.
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Figure 5 Langmuir adsorption isotherms of MC;, and
PC,y based on polarization data at different temperatures.
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represented by the following equation:*
In 6/Ci(1 — 8) = InK,qs + 2a6 )

where a is the lateral interaction term describing the mo-
lecular interactions in the adsorption layer and the heter-
ogeneity of the surface and measure for the steepness of
the adsorption isotherm. The more positive the value of
a is, the steeper the adsorption isotherm is. Curve-fitting
of the weight loss data for MC; and PCy are graphically
represented in Figure 6. Similar results were obtained
from the data of the potentiodynamic technique.
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Figure 6 Frumkin adsorption isotherms of MC;, and
PC, based on weight-loss data at different temperatures.
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TABLE VII
Thermodynamic Parameters of the Adsorption Process Based on Frumkin Isotherm
MC10 PClO

AHads Asads _AGads AHads ASads _AGads
Technique (kJ/mol) (k] mol' K71 (kJ/mol) (kJ/mol) (kJ] mol™' K™ (kJ/mol)
Weight loss —48.63 —0.052 32.87 —51.95 —0.0491 37.08
Polarization —45.76 —0.048 31.258 —52.85 —0.0504 37.59

The parameters were obtained with Frumkin isotherms based on weight-loss and polarization data for Al in a 0.5M

HCl solution.
Gads, Free Energy of the adsorption process.

The adsorption thermodynamic parameters [the
enthalpy of the adsorption process (AH,4s) and the
entropy of the adsorption process (AS,4s)] for the
surfactant adsorption on the Al surface in 0.5M HCl
at different temperatures were determined from the
slopes and intercepts of the lines of adsorption equi-
librium constant (log K,4s) versus 1/T plots with the
following equation:

Log Kags = —AHo4s/2.303RT + AS,q5/2.303R  (6)

The calculated values for AH,qs and AS.4s are
listed in Table VII. The calculated values of AG.q4s
were low; this suggested that the nature of the inhib-
itor adsorption was mainly physical adsorption, and
their negative sign indicated spontaneous interaction
of the inhibitor with the Al surface.>* The negative
value of AH,4s indicated that the adsorption of the
inhibitors on Al surface was an exothermic process.
The values of AH,4s and AS,4s were characteristic of
the occurrence of a replacement process between the
inhibitor species and adsorbed water molecules from
the surface of the metal during the adsorption of the
inhibitor compound on the metal surface.”

CONCLUSIONS

The addition of MC; and its analog PC; inhibited
the corrosion of Al in a 0.5M HCI solution.

The inhibition efficiency of the polymeric surfac-
tant was higher than that of the monomeric surfac-
tant, and the inhibition efficiency increased with
increasing inhibitor concentration but decreased
with increasing temperature.

The data obtained from the weight loss and poten-
tiodynamic polarization techniques were in good
agreement with each other and fit well with the
Langmuir and Frumkin isotherms.
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