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The corrosion inhibitive performance of an environmentally friendly water-base acrylic ter-
polymer [methyl methacrylate/Butyl Acrylate/Acrylic acid (ATP)] on mild steel in 1 M HCI was
investigated by alternating current and direct current electrochemical techniques and the
quantum chemical method. An efficiency of more than 97 pct was obtained with 0.8 mmol/L
ATP. The increase in inhibitor concentration and immersion time has a positive effect, while the
temperature influence is negligible on the inhibitor efficiency. The present terpolymer obeys the
Langmuir isotherm, and thermodynamic calculation reveals a chemisorption type on the sur-
face. Density functional calculations showed that the lone pairs of electrons of oxygen in the
structure of three monomers are suitable sites to adsorb onto the metal surface. Finally, in the
presence of ATP, a decrease in surface roughness and corrosion attacks was demonstrated by
atomic force microscopy and optical microscopy examinations, respectively.
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I. INTRODUCTION

MANY industrial sections such as the acid cleaning
bath, the water cooling system, various refinery units,
pipelines, chemical operations, steam generators, ballast
tanks, oil, and gas productlon units are involved with
inhibitors due to high corrosion rates in these parts.!'®
Recently, the use of polymers as corrosion inhibitors has
attracted considerable attention because of their inher-
ent stability and cost effectiveness.” ' Owning to
multiple adsorption sites, the polymeric compounds
adsorb more strongly on the metal surface in compar-
ison with their monomer analogues. In addition, they
can form complexes with metal ions on the metal
surface; therefore, it is expected that the pol?/mers will
act as appropriate corrosion inhibitors.!'*!'> " Also, it
has been reported that the toxicity of polymers is less
than their monomer analogs.'*!

Generally, various types of polymers, which are
employed as corrosion inhibitors, can be classified into
two groups: (1) synthetic polymers such as polyvinyl
alcohol, polyethylene glycol, polyacrylic acid, polyacryl-
amide, polyaniline derivatives, and polyvinyl pyrolli-
done; [i3.17-31) and (2) natural polymers such as
saccharides, plant extracts, and natural honey.*>>"
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Since most of the polymeric inhibitors are insoluble in
aqueous solutions, it is common to solve them in an
organic solvent before adding them in corrosive envi-
ronments. This process is subject to an environmental
issue, and consequently numerous attempts were made
to replace it by more environmentally friendly meth-
ods.!""1%22 1y this perspective, water-base acrylic poly-
mers having functional groups of OH and COOH are
being mentioned as corrosion inhibitors in different
corrosive media. This type of polymer does not need to
solve in organic solvent, and most of them are environ-
mentally friendly compounds.'’*! The increase in
hydrocarbon chain length in polymers decreases their
solubility. On the other hand, the presence of hydro-
philic functional groups (OH, COOH, and NH,)
increases their solubility. As a result of less solubility
and emulsification characteristics, the aforementioned
copol?/mers do not need to solve in an organic sol-
vent.'!! Also, it has been reported that water-base
acrylic polymers have more stability and inhibitive
behavior than other copolymers and polymers such as
acrylic.l''"?7*8] Several researchers introduced some
water- soluble polymers as inhibitors for iron and
cadmium.!""*! They found that the hydroxyl group of
polyvinyl alcohol and polyethylene glycol can make a
bridge between the polymer and the surface of the
electrode, resulting in an inhibitive effect in the HCI
solution. The inhibitive influence of these polymers is
structurally related to the cyclic rings, heteroatom
(oxygen and nitrogen), which are the major active cites
for adsorption onto the metal surface.!'*2!-23-3

The aim of the present work is to investigate the effect
of a water-base terpolymer from the acrylic group on the
corrosion behavior of mild steel in 1 M HCIL In a
previous work, the present compound was examined as
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a corrosion inhibitor for mild steel in petroleum solution
in both static and hydrodynamic conditions."! The
authors believe that the present acrylic terpolymer is
capable of decreasing the mild steel corrosion rate in
other corrosive media such as HCl. Consequently, the
present work was conducted to explore the effect of
various conditions, including inhibitor concentration,
temperature, and immersion time, on the inhibitive
behavior of the present compound in the stagnant
condition using electrochemical techniques and the
quantum chemical method. In addition, the corrosion
attack morphology of the mirrorlike polished mild steel
in 1 M HCl in the absence and presence of inhibitor was
investigated through atomic force microscopy (AFM)
and optical microscopy (OM) techniques. Finally, it
should be mentioned that this water-base copolymer has
been used in adhesive commercial resin in the coating
industry,?**! and until now, no study has been carried
out on the inhibitive performance of this compound as a
corrosion inhibitor in acidic media.

II. EXPERIMENTAL

A. Poly (Methyl Methacrylate|/ Butyl Acrylate|/ Acrylic
Acid)

In this work, the corrosion inhibitor was selected to
be a water-base acrylic copolymer, which is a terpolymer
of methyl methacrylate/Butyl Acrylate/Acrylic acid
(ATP) with 49/49/2 wt pct ratio. ATP has been synthe-
tized by the conventional emulsion polymerization.
During synthetizing, the polymerization was carried
out at 343 K (70 °C) for 4 hours. The polymer was
obtained in the form of emulsified phase approximately
50 wt pct in water. The obtained acrylic emulsion
polymer contains the colloidal dispersion of polymer
particles in water. It should be mentioned that ATP is
miscible in any ratio with water; however, polymer
particles are in a dispersed form (and not soluble) in
water. Subsequently, ATP was characterized by a
particle size analyzer using the dynamic light scattering
(DLS) technique. The average particle size and also the
molecular weight of ATP were approximately 160 nm
and 10° g/mol, respectively. In addition, the Tg of ATP
was measured to be about 293 K (20 °C). The molecular
structures of three monomers, which construct the
present terpolymer, are presented in Figure 1.

B. Specimen and Corrosive Media

The corrosion test specimen (working electrode) was
selected from a mild steel rod with the following
chemical composition (wt pct): 0.17 pct C, 0.3 pct Si,
0.4 pct Mn, 0.05 pct S, 0.05 pct P, and Fe balance. The
sample was then mounted in a self-cure epoxy resin
resulting in 0.785 cm? exposed area. Before each test,
the specimen was ground down to 1200 grit emery
paper, then washed with ethanol and dried with warm
air. The electrolyte solution in all experiments was 1 M
HCI prepared by Merck reagent and deionized water.
Also, the inhibited solutions were prepared with direct
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Fig. 1-—Molecular structures of (a) methyl methacrylate, (b) butyl
acrylate, and (c¢) acrylic acid.

addition of various concentrations of ATP, which was
in emulsion form in 1 M HCI. To control the cell
temperature at constant condition while running the
experiments, a water bath with accuracy within +1 °C
was employed.

C. Electrochemical Measurements

The electrochemical measurements were carried out in
a conventional three-electrode cell in which the working
electrode was the described mild steel sample, and the
saturated calomel electrode (SCE) and a platinum wire
were the reference and counter electrode, respectively.
An IVIUM Potentiostat (Ivium Technologies, Eindho-
ven, The Netherlands) was employed to perform all
electrochemical measurements.

In order to reach a steady state, the working electrode
was immersed in the prepared solution for 30 minutes. To
measure linear polarization resistance (LPR), the potential
of the electrode was perturbed from —15 to +15 mV
around the corrosion potential with 0.5 mV/s scan rate.
Also, potentiodynamic polarization was carried out with a
constant sweep rate of 1 mV/s in the range of —300 to
+300 mV with respect to corrosion potential. The electro-
chemical impedance spectroscopy (EIS) measurement was
performed using AC signals with 10 mV amplitude in the
frequency range 100 kHzto 0.01 Hz at corrosion potential.
EIS Analyzer software was used to fit the experimental
results of EIS measurements using the appropriate equiv-
alent circuit. It should be noted that all electrochemical
experiments were performed in a condition in which the
solutions were open to air at stagnant condition.

The effect of the inhibitor concentration of acrylic
terpolymer on the mild steel corrosion rate in 1 M HC1
solution at 298 K (25 °C) was studied by potentiody-
namic polarization, EIS, and LPR methods. In this way,
the concentrations of 0.1, 0.2, 0.4, 0.6, and 0.8 mmol/L
(ppm) were selected. The temperature influence on the
mild steel corrosion rate was explored in the absence and
presence of 0.8 mmol/L ATP in 1 M HCl in the range of
298 K, 303 K, 308 K, and 313 K (25 °C, 30 °C, 35 °C,
and 40 °C) using the potentiodynamic polarization
technique. Also, to investigate the effect of
immersion time on inhibitor performance, potentiody-
namic polarization and EIS measurements were run at
1, 6, 12, 18, and 24 hours after immersion in a solution

METALLURGICAL AND MATERIALS TRANSACTIONS A



containing 1 M HClI in the presence of 0.8 ppm ATP at
298 K (25 °C).

D. Corrosion Attack Morphology Investigation

1. Optical microscope

Optical microscopy was accomplished in order to
investigate corrosion attack morphology in the absence
and presence of inhibitor. The surface of specimens was
mechanically polished down to 0.05-um alumina slurry
until a mirrorlike surface was acquired. Subsequently,
the specimens were immersed in 1 M HCl in the absence
and presence of 0.8 mmol/L for 90 minutes at room
temperature in stagnant condition. After bringing out
each specimen, it was washed and cleaned by ethanol
and immediately dried with warm air.

2. Atomic force microscope

AFM is a powerful technique that can be used to
investigative the surface morphology at nano- to micro-
scale, and recently, it has been a new choice to study the
influence of inhibitors on the generation and the progress
of the corrosion at the metal/solution interface.”* In this
work, the sample was selected from a mild steel rod with
I-cm diameter and was abraded with emery paper (grade
320-500-800); then, a mirrorlike surface was provided by
0.05-pum alumina slurry. Finally, the specimen surface was
washed with distilled water and acetone. After immersion
in 1 M HCI without and with addition of 0.8 mmol/L
ATP in stagnant condition at 298 K (25 °C) for 90
minutes, the sample was cleaned with distilled water and
immediately dried with a warm air blow. Subsequently,
the corrosion attack topographies of specimens were
characterized by AFM in noncontact scanning mode.

E. Quantum Chemical Study

In order to investigate the effect of molecular struc-
tures of monomers, quantum chemical study was carried
out. The optimized structure and the highest occupied
molecular orbital (HOMO) of three monomers were
geometrically calculated by electron density function
theory (DFT) using a B3LYP level and 3-21G** basis
set with Gaussian 98 software (Gaussian, Inc., Walling-
ford, CT).

III. RESULTS AND DISCUSSION
A. Effect of Inhibitor Concentration

1. Potentiodynamic polarization

The polarization curves are depicted in Figure 2, and the
electrochemical parameters including corrosion potential
(Ecorr), corrosion current density (ieo.), and cathodic and
anodic Tafel slopes (f, and f.) obtained by the extrapo-
lation of Tafel slopes are presented in Table 1. Also, the
values of surface coverage (0) and inhibition efficiency are
calculated using the following equation®*:

P —i
corr corr
0 0 [ 1 ]
[
corr
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n=0x 100 2]

where (z?orr) and (i.orr) represent the corrosion current
densities in the absence and presence of the inhibitor,
respectively.

Figure 2 indicates that the present terpolymer is
capable of significantly decreasing both anodic and
cathodic current densities. Also, Table I shows that the
inhibitor concentration has a positive effect on inhibitive
behavior of ATP so that the efficiency values consider-
ably increase with the increase in terpolymer concentra-
tion (i.e., 89.8 pct in 0.1 mmol/L to 95 pct in 0.8 mmol/L).
It is believed that the long chains of the present
terpolymer adsorb onto the metal surface and, conse-
quently, slow the metal dissolution and hydrogen
evolution by blocking many available active sites.
Although the presence of defects on the organic layer
created by inhibitor adsorption cannot be ruled out,
hydrogen evolution and metal dissolution may occur
from these re%ions where there is no inhibitor coverage
(ie., 1 — 0).) In addition, Figure 2 reveals that an
increase in ATP concentration causes a decrease in both
anodic and cathodic current densities so that this
decrease is more pronounced in the case of cathodic
branches. Moreover, it can be claimed that in higher
concentrations of the inhibitor, the present terpolymer
has a tendency to block more of the cathodic sites,
which act as suitable sites for hydrogen evolution, in
comparison with anodic sites, which are appropriate
places for anodic dissolution.** 3¢

Table I reveals that in the presence of inhibitor, the
values of anodic and cathodic Tafel slopes (S, and f3.)
are significantly diminished and also that the corrosion
potential slightly shifted toward more negative values.
The variation of Tafel slopes refers to a change in
reaction kinetics. This can be explained by the fact that
with anodic and cathodic polarizing of the sample, the
reaction kinetics speed up in the inhibited solution in
comparison with the uninhibited one, producing a
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Fig. 2—Potentiodynamic polarization curves of inhibitor in different
concentrations at 298 K (25 °C).
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Table I. Potentiodynamic Polarization Parameters of Mild Steel in 1 M HCI Solution in the Absence and Presence of Various
Concentrations of ATP at 298 K (25 °C)

Concentration
(mmol/L) E o (mV vs SCE) icorr (MA/cm?) f. (mV/Decade) f. (mV/Decade) 0 n (Pct)
Blank —478 1.398 240 228 — —
0.1 —496 0.142 136 150 0.898 89.8
0.2 —494 0.130 120 157 0.907 90.7
0.4 —497 0.102 126 137 0.927 92.7
0.6 —498 0.092 119 137 0.935 93.5
0.8 —500 0.071 121 143 0.950 95.0
negative effect of the present terpolymer on the corro- 5. Cdl
sion rate of mild steel. However, the considerable 1 & HH W biaRk
decrease in active area is the main reason for diminish- 50 _@. | ® 0.2 ppm
ing the net corrosion current density in inhibited “E i Ret 4 0.2 ppm
solution.®” Considering that the present terpolymer 3] ] @” N v 0.4 ppm
decreases both anodic and cathodic current densities E 30 o't r b <4 0.6 ppm
while it has no effect on corrosion potential, this < 1 NIPLLP > » 0.8 ppm
compound can be classified as a mixed-type inhibitor. N2 v, %
" 104 "'\"‘-i\%\ >

2. Electrochemical impedance spectroscopy 0 - i >

EIS is a valuable method that has been widely use[(21] to 0 20 40 & 80 100 120
study the inhibitive behavior of many compounds.'™ It '

Z ohm.cm?

provides information on both the resistive and capac-
itive behavior at the interface and makes it possible to
assess the performance of the tested compounds as
inhibitors for metals.®® Here the effect of inhibitor
concentration on inhibitive behavior of the present
terpolymer on mild steel in 1 M HCI was investigated
using EIS measurement after 1 hour immersion time at
298 K (25 °C). Figure 3 depicts Nyquist plots in the
absence and presence of different inhibitor concentra-
tions. As seen, Nyquist plots consist of a depressed
semicircle in inhibited and uninhibited solutions. This
capacitive loop is attributed to the double-layer capac-
itance in parallel with the charge transfer resistance. In
addition, Figure 3 shows that a rise in terpolymer
concentration results in an increase in the semicircle
diameter, indicating the inhibition of the corrosion
process.[”*‘”]

The impedance parameters were obtained by EIS
analyzer software using an appropriate equivalent
circuit (Figure 3) for the metal-electrolyte interface
and are presented in Table II. Also, inhibitor efficiency
was calculated by the charge transfer resistance via the
following formula®®:

o

R

where R° and R are the charge transfer resistance of
mild steel in the absence and presence of inhibitor,
respectively. In addition, the values of double-layer
capacitance were calculated by Eq. [4]P%:

pct n = x 100 [3]

Cy= Pl/nR(l —nn 4]

ct

In the preceding expressions, P, n, and R, are the
magnitude of the constant phase element (CPE), the
deviation parameter, and the charge transfer resistance
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Fig. 3—Results of EIS as Nyquist plot in various concentrations at
298 K (25 °C) and equivalent circuit.

of mild steel, respectively. As known, the CPE element is
a nonideal capacitance that is generally used to simulate
experimental data.>'®! Deviations from the ideal semi-
circle can be due partly to the surface inhomogeneities
and mass transport processes. Thus, in these situations,
pure double layer capacitors are better described by a
transfer function with CPE 1364243

Evaluation of the results in Table II revealed that with
an increase in ATP concentration, the values of R,
increase while the double layer capacitance values
decrease. An increase in R, refers to a greater block of
the active area at the metal surface as a result of increasing
inhibitor concentration. Also, the decrease in double-layer
capacitance indicates that in the presence of various
inhibitor concentrations, a protective layer is created onto
the surface, since the double layer between the charged
metal surface and the solution is considered as an electrical
capacitor. In addition, the values of n show an increase
with increasing inhibitor concentration. This can be
attributed to the decrease in surface roughness and the
slight improvement of surface homogeneitgl due to inhib-
itor adsorption on the most active sites.*!%44

The terpolymer adsorption on the iron surface
decreases its electrical capacity due to displacement of
the water molecules and other ions that are originally
adsorbed on the surface with inhibitor molecules.
According to the Helmholtz model, double-layer caFac-
itance is related to structural parameters as follows*:

&pe

Cau= 75’ [5]
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Table II.

EIS Parameters of Mild Steel Electrode in 1 M HCI Solution in the Absence and Presence of Various Concentrations of

ATP at 298 K (25 °C)

EIS LPR
Concentration

(mmol/L) R, (Qcm?) R, (Qcm?) P (uF/cm?) n Cq (uFjem?)  n (Pct) R, (Qcm?)  p (Pct)
Blank 1.3 5.7 1071 0.78 270 — 4 —
0.1 1.9 36.5 401 0.79 125 91.6 50 91.8
0.2 1.9 45.5 309 0.79 121 93.2 60 93.1
0.4 1.6 51.7 296 0.83 125 94.0 70 94.1
0.6 1.6 60.0 175 0.83 66 94.9 80 94.9
0.8 1.6 91.0 103 0.89 57 96.6 121 96.6

v S

Zd

Fig. 4—Corrosion attack morphology obtained by optical microscope (@) blank solution and (b) in the presence of 0.8 mmol/L ATP.

where d is the thickness of the film, S is the surface area
of the electrode, ¢ is the permittivity of the air, and ¢ is
the local dielectric constant. The decrease in Cy is
probably due to a decrease in the local dielectric
constant or an increase in the thickness of a protective
layer at the electrode surface in the presence of an
inhibitor.* An increase in inhibitor concentration, and
a decrease in the surface area, which acts as a place for
surface Charginf, may be another reason for the
decrease in C,;.1*!

It should be mentioned that the efficiency values
calculated by EIS results in the absence and presence of
different concentrations of investigated terpolymer are
in close correlation with those of polarization discussed
in Section 1. In addition, EIS measurement confirms
that this compound has a good inhibitive behavior for
mild steel in HCI media.

3. Linear polarization resistance

The effect of inhibitor concentration on corrosion
behavior of mild steel in 1 M HCI solution at 298 K
(25 °C) was studied by the linear polarization resistance
(LPR) method, which is a useful and fast method. The
LPR values and also efficiency calculated by Eq. [3] are
presented in Table II. LPR results confirm the inhibitive
properties of present terpolymer, as well as the conclu-
sions obtained from potentiodynamic polarization and
EIS results.

METALLURGICAL AND MATERIALS TRANSACTIONS A

B. Corrosion Attack Morphology

1. Optical microscopy study

The corrosion attack morphology of the mild steel
samples immersed in inhibited and uninhibited (blank)
solutions for 90 minutes was studied by optical micro-
scopy, and the metallographic results are presented in
Figure 4. As seen in Figure 4, the polished surface of mild
steel immersed in blank solution is rough and severely
corroded so that several pits are observed dispersed at the
surface (Figure 4(a)), while in the case of inhibited
solution, less corrosion attack is detected and the specimen
surface is nearly unchanged. In the micrograph in
Figure 4(b), the pearlite phase is partially etched and the
grain boundaries of ferrite phase are not observed.

2. AFM study

After immersion for 90 minutes in 1 M HCl solution with
or without 0.8 mmol/L ATP, the surfaces of mild steel
specimens were observed by AFM, and the recorded three-
dimensional and two-dimensional images of surface topog-
raphy are shown in Figure 5. Also, the values of surface
roughness acquired when analyzing the AFM results are
presented in Table III. As can be seen in Table III, in the
presence of 0.8 mmol/L ATP, all roughness parameters
have values significantly lower than those of the blank
solution. This is an indication of the lower uniform
corrosion rate in acidic solution for mild steel in the presence
of ATP. For example, the calculated value of the average
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Fig. 5—Corrosion attack morphology obtained by atomic force microscope (a) in blank solution and () in the presence of 0.8 ppm ATP.

Table III. Roughness Parameters Extracted from Topography Results Obtained by AFM in the Presence and Absence of ATP
Condition Peak-to-Peak Value (nm)  Mean Value (nm)  Roughness Average (nm)  Root-Mean-Square (nm)
Uninhibited solution 1383 659 175 220
Inhibited solution 923 297 123 150

roughness for the sample immersed in blank solution is
175 nm, while this value is 123 nm for the inhibited one.

Besides, the AFM results confirmed the EIS outcomes
(Table II) in which the n value (which is an indication of
surface roughness in the CPE-derived parameter)
increases from 0.78 to 0.89 by adding 0.8 mmol/L
ATP to 1 M HCI solution.

C. Effect of Temperature

The influence of different temperatures on the mild
steel corrosion rate was studied in the absence and
presence of 0.8 mmol/L ATP in 1 M HCIL. For this
purpose, potentiodynamic polarization was performed
at different temperatures from 298 K to 313 K (25 °C to
40 °C) in the absence and presence of ATP. The
polarization curves and also the extracted electrochem-
ical parameters corresponding to polarization results at
various temperatures are presented in Figure 6 and
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Table IV, respectively. It is obvious that with rising
temperature, the corrosion current density increases in
uninhibited and inhibited solutions, while the inhibition
efficiency is nearly constant. Thus, it can be claimed that
the inhibition efficiency of the present terpolymer is
temperature independent in 1 M HCI in the range of
298 K to 313 K (25 °C to 40 °C).

Valuable information about the adsorption mecha-
nism of the inhibitor can be obtained from the activa-
tion energy values. This parameter can be obtained by
studying the influence of temperature on corrosion
inhibition. In this way, the Arrhenius equation is used in
order to calculate the activation energy in inhibited and
uninhibited solutionst®”*";

. —F
lcorr = Aexp (R—;) [6]

where A is the pre-exponential factor and E, is the
activation energy of the corrosion process. Figure 7
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Fig. 6—Effect of temperature on the potentiodynamic polarization curves of mild steel in (@) uninhibited and (b) inhibited solution with

0.8 mmol/L ATP.

Table IV. Potentiodynamic Polarization Parameters of Mild Steel in 1 M HCI Solution in the Presence of 0.8 mmol/L
Concentration of ATP at Different Temperatures

T (°C)  Solution Ecorr (mV vs SCE) icore (MA/cm?) . (mV/Decade) . (mV/Decade) 0 n (Pct)
25 blank —478 1.398 240 228 0.950 95.0
ATP —-500 0.071 121 143
30 blank —501 1.462 337 389 0.954 95.4
ATP —508 0.076 144 146
35 blank —500 1.571 379 419 0.958 95.8
ATP —-502 0.090 127 171
40 blank —498 1.721 420 429 0.959 95.9
ATP —508 0.116 116 164
value in comparison with E, value of blank solution.
- 2 ® blank . . .
R“=0.986 ® ATP This phenomenon can be interpreted as chemical
1.0 1 adsorFt'on (chemisorption) that occurs in the first
stage.®” The decrease in activation energy can be
& 0.5- attributed to an insignificant increase in the inhibitor
g desor}[)tion from the steel surface with a rise in temper-
< ature.>!
E 0.0 =
%3 55 R2-0 980 D. Thermodynamic Calculations of Inhibitor Adsorption
- The primary step in the action of inhibitors in acid
solutions is adsorption onto the metal surface, which is
2.5 1 usually an oxide-free surface. It has been reported that
the inhibition mechanism of an inhibitor may vary with
Y ; I d ! T 4 factors such as concentration, pH, nature of the anion of
0.00320  0.00324 0'00:123 0.00332 0.00336 the acid, and nature of the metal.®® Thus, basic
1T (K7) information on the interaction between the inhibitor

Fig. 7—In(icorr) vs 1/T for mild steel dissolution in 1 M HCI in the
absence and presence of 0.8 mmol/L inhibitor concentration.

presents the Arrhenius plots of the In(ico,) vs 1/T in
absence and presence of terpolymer in 1 M HCI and the
calculated values of activation energy has been given in
Table V. Looking at Table V shows that the E, value
related to 1 M HCI containing terpolymer has a lower

METALLURGICAL AND MATERIALS TRANSACTIONS A

and the mild steel surface can be provided by the
adsorption isotherm. In order to obtain the thermody-
namic parameters, the relation between surface coverage
(0) values and inhibitor concentration (C) must be
considered. So far, several attempts were made to find
the relation between 0 and C such as Langmuir, Temkin,
Frumkin, and Flory-Huggins.®®> ! The Langmuir
adsorption isotherm was generally found to be the
appreciable description of the adsorption behavior of
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Table V. Thermodynamic Parameters Related to the Adsorption of Terpolymer on Mild Steel Surface in the Inhibited and Unin-
hibited 1 M HCI Solutions

E,
Solution (kJ/mol) AG 45 (kJ/mol) AH, 4 (kJ/mol) AS,4s (J/mol-K)
Blank 36.95 — — —
ATP 25.59 —38.74 11.50 168
0.0008 | |¥ = 1-03x + 9:10*
: R? = 0.999 3.15 -
0.0006 3.10 1
S 3 3.05 -
E 0.0004 %
) £ 3.00 -
0.0002 -
2.95 -
|
3 T ' ’ ! v T oy T T T T T T T T T
0.0002  0.0004  0.0006  0.0008 0.00320 0.00324 0.00328 0.00332 0.00336
C (molfl) 1T (K™

Fig. 8 —Langmuir adsorption isotherm of inhibitor in 1 M HCI at
298 K (25 °C).

the inhibitor.*’*> According to the Langmuir iso-
therm, the relation between 0 values and inhibitor
concentration, C, is considered as follows™*”!

C 1

0~ Ko +C [7]
where K4 18 the equilibrium constant of the adsorp-
tion process and C is the inhibitor concentration.
Figure 8 shows C/0 variations as a function of C. The
obtained plot of the inhibitor is perfectly linear with a
correlation coefficient higher than 0.999 and it shows
that the present terpolymer obeys Langmuir isotherm.
The equilibrium constant of adsorption K4 is related
to the standard free energy of adsorption (AG,qs) with
the following equation’®’

AG®y, = —RT In(55.5K,q5) 8]

In this expression, R is the gas constant, T is the
absolute temperature, and 55.5 is the concentration of
water in solution in mol/L. The AGy, value corre-
sponding to ATP was calculated and is presented in
Table V. The negative sign of AGy,, refers to the
adsorption of inhibitors onto the metal surface.>®
In general, the magnitude of AGY,, approximately
—20 kJ/mol or less negative is assumed for existing
electrostatic interactions between the inhibitor and the
charged metal surface (i.e., physisorption). Those AG i
values around —40 kJ/mol or more negative are an
indication of charge sharing or charge transferring from
an organic specie to the metal surface to form a
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Fig. 9—In(1 — 0/0) vs 1/T for mild steel dissolution in 1 M HCI in
the absence and presence of 0.8 ppm ATP.

coordinate type of metallic bond (i.e., chemisorption).!**

Considering the preceding nOtlﬁCdthl’lS and the AGj,,
value of the present terpolymer (AG,y = —38.74 kJ/
mol), it can be claimed that ATP has a nearly chemical
adsorption onto the mild steel surface. This conclusion
was previously acquired by computing E,. Moreover,
the Gibbs—Helmholtz equation can be used to determine
the heat of the adsorption process (AHj ). With good
estimation, a linear relation between In(0/1 — 0) and 1/T
is considered as follows!**->%->7];

0\ AH
ln(1 — 9> =In(B-C)— RT [9]

In this expression C is the inhibitor concentration
(0.8 ppm) and B is a constant value Figure 9 shows an
acceptable linear regressmn (R* = 0.954). In addition,
the AH;, calculated using Eq.[9] is presented in
Table V. An endothermic adsorption process
(AH 4> 0) is due to chemisorptions, while an exother-
mic one (AH,;, <0) may be attributed to physisorption,
chemisorption, or a mixture of both.*”! For physisorp-
tion processes, this magmtude is usually lower than
40 kJ/mol, Whlle 1t usually is close to 100 kJ/mol in
chemisorptions.”™ In this work, the AH g value indi-
cates the chemical adsorption that is in agreement with
the results obtained by the activation parameter (E,)
and AG, .

Also, for determination of the entropy of the adsorp-
tion process (AS;y), the following expression is
used33:47:561.
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AG;,

a

ds — Aszs —AS, [10]

ads

The positive signs of AS; ;. for the inhibitor are related
to the substitutional process, which can be attributed to
the increase in water desorption entropy.*3>*! It could
be interpreted that inhibitor molecules can desorb water
molecules from the metal surface, causing an increase in
disorders of the system.[*’-**) In other words, it can be
claimed that the molecule that adsorbs at the surface
with better order produces higher protection against
corrosion.[®°

E. Effect of Immersion Time

1. Potentiodynamic polarization

Immersion times of 1, 6, 12, 18, and 24 hours were
chosen to investigate the effect of time on the inhibitor
properties by potentiodynamic polarization in 1 M HCI
containing 0.8 ppm ATP at 298 K (25 °C) (Figure 10).
Electrochemical parameters related to these curves were
extracted by Tafel extrapolation and are presented in
Table VI. Figure 10 depicts that the polarization of
anodic branches can be divided into two parts. The first
part has a potential from 0 to 150 mV higher than open
circuit potential, and it is considered as a region at
which to determine the anodic corrosion current. The
current densities of this part diminish with the passing of

-200 +
-300 4

-400

-500 ~
-600 -

=700 ~

potential (mV vs. SCE)

-800

-900 +——rrrrm——
1E-3 0.01 0.1 1 10

current density ¢mAlcm2;
Fig. 10—Effect of immersion time on the potentiodynamic behav-

ior of mild steel in inhibited solution with 0.8 ppm ATP at 298 K
(25 °C).

time. The reason for a rise in corrosion resistance can be
associated with more substitution of inhibitor molecules
with water molecules at the metal surface. Second, with
more anodic polarization, the Tafel slopes abruptly
change and current densities increase. This phenomenon
can be related to the terpolymer desorption from sites
where inhibitors have a weak electrostatic interaction
with the metal surface." In addition, a decrease in
cathodic branches is observed as time elapses. In
contrast with inhibited solution, an increase in corrosion
current density of mild steel with time passage is
observed in 1 M HCI solution. The reason for this
observation can be related to an increase in metal
surface area due to excess dissolution of iron.[*? In
summary, with elapsing time, a considerable decrease in
corrosion current density in the presence of an inhibitor
can be observed and the efficiency of inhibitors
increases, as shown in Table VI.

2. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy is a useful
technique for long time investigation, because it does not
significantly disturb the system and it is possible to follow
system behavior over time.”*! Figure 11 represents the
variation of Nyquist plots with the immersion time recorded
for terpolymer. The results showed that the immersion time
has a great influence on the size of the impedance spectra
and, therefore, the inhibitive behavior of the present
terpolymer. The depressed semicircle was found to increase
in size with the increase in immersion time, reaching a
maximum in 24 hours. Also, electrochemical parameters
extracted from EIS measurement (Table VII) show that the
R, values increased from 94 Q-cm? at 1 hour to 144.6 Q-cm?
at 24 hours. No change is observed in type of Nyquist plots
(equivalent circuit) with the increase in immersion time, and
they consist of a depressed semicircle. This behavior can be
related to greater adsorption of the inhibitor molecular at
the surface, resulting in a decrease in active area. With
elapsing time, terpolymer molecules adsorb at the surface or
agglomerate around the surface in a manner in which they
create no other inhibitive layer.!"” Thus, the charge transfer
resistance only appears in the Nyquist plot. These results
demonstrate that a rise in immersion time has a positive
effect on inhibition efficiency and corrosion resistance
increases with elapsing time in inhibited solution.

F. Effect of Structure

The first estimate of the ability of the inhibitive
behavior of a compound is to act as an electron donor.
Organic compounds are protonated in acidic solutions,

Table VI. Potentiodynamic Polarization Parameters of Mild Steel in 1 M HCI Solution in the Presence of 0.8 mmol/L. ATP at
298 K (25 °C) in Varoius Immersion Times
Time (h) Ecorr (mV vs SCE) fcore (MA/cm?) f. (mV/Decade) p. (mV/Decade)
1 —500 0.071 121 143
6 —529 0.066 113 141
12 —540 0.056 106 139
18 —421 0.050 94 135
24 —517 0.036 73 119
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Fig. 11—Effect of time on Nyquist plot of mild steel in inhibited
solutions in concentration of 0.8 mmol/L at 298 K (25 °C).

Table VII. Electrochemical Impedance Spectroscopy Param-
eters of Mild Steel Obtained from EIS Results in Different
Immersion Times in Inhibited Solution at 298 K (25 °C)

Time (h) R, (Qcm? P (uFjem® n  Cy(uF-cm?
1 91.0 103 0.89 56.1
6 121.7 260 0.78 96.6
12 127.5 290 0.78 111.4
18 136.2 220 0.77 80.3
24 144.6 180 0.83 83.8

but as one molecule approaches the metal surface, it
loses its proton so that the lone pair of electrons on the
heteroatoms can interact with the metal surface. In
order to determine this effect, the quantum chemical
study method was employed and the results are pre-
sented in Figure 12. The HOMO of monomers of the
present terpolymer optimized by the DFT method using
the B3LYP level and 3-21G** basis set with Gaussian
98 reveals that oxygen atoms existing in monomers have
a large electron density. Lone pair electrons of oxygen
can be suitable sites to adsorb onto the metal surface. It
is reported that these electrons are an agent for charge
sharing or charge transferring, resulting in chemisorp-
tions. In addition, surface chelates are formed involving
bonding between a surface cation and heteroatom atom
in the chelating molecule (i.e., chelates between hetero-
atoms such as oxygen, sulfur, nitrogen, and metal
cations such as Fe’ +) [54.63]

A second factor in determining the effectiveness of a
chemisorbed organic inhibitor is the molecular size. In
general, the molecules having a larger area create the
better inhibitive behavior. However, with very large
molecules (such as polymers), there may be steric
hindrance problems when a large molecule attempts to
fit onto a surface already partially occupied with
previously adsorbed molecules. Thus, complete coverage
of the surface by large molecules may sometimes be
difficult to achieve.[*” In this study, in inhibited solu-
tion, competitive adsorption is assumed to occur at a
low carbon steel surface between the aggressive Cl™ ions
and the inhibitor molecules. As known, the predominant

Fig. 12—Molecular structure and HOMO of (a) methyl meta acrylate, (b) butyl acrylate, and (¢) acrylic acid.
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reason for corrosion process of mild steel in HCI
solution is the adsorption of Cl~ ions onto its bare
metallic surface sites. The mobility of C1™ is higher than
terpolymer; therefore, the long chains cannot compete
with Cl™ ions, but terpolymer adsorption can prevent
CI™ ions from reaching the steel surface sites by steric
effect. Also, in relation to corrosion inhibition, when an
inhibited solution contains adsorbable anions, such as
halide ions, these adsorb on the metal surface by
creating oriented dipoles and, consequently, increase
the adsorption of the organic cations on the dipoles. In
these cases, a positive synergistic effect arises; therefore,
the degree of inhibition in the presence of both
adsorbable anions and inhibitor cations is higher than
the sum of the individual effects.l® This could explain
the higher inhibition efficiency of various organic
inhibitors in hydrochloric acid solutions compared to
sulfuric acid solutions. In this work, in order to examine
this phenomenon, several electrochemical tests including
potentiodynamic polarization and EIS measurement
were carried out in H,SO4 media (the results were not
shown here). It was observed that the inhibitor efficiency
of the present terpolymer unexceptionally decreases and
approaches values of 40 pct.

The third factor affecting chemisorption, and thus
inhibition, is the solubility of the organic soluble mole-
cule. Less soluble molecules have a greater tendency to be
adsorbed and have more stability than soluble mole-
cules.***) Because ATP is an emulsion polymer, it
contains polymer particles in colloidal form, which are
not soluble, so it has greater stability and better inhibitive
behavior than completely soluble polymers.

IV. CONCLUSIONS

1. Addition of the ATP to the acidic solution inhibits
the corrosion of mild steel. The inhibition is due to
the adsorption of this compound on the surface of
mild steel.

2. Polarization measurements showed that the ATP
functions as a mixed-type inhibitor.

3. EIS measurements recorded for mild steel in the 1
M HCI solution in the absence and presence of the
ATP inhibitors showed that the Nyquist diagrams
consist of a large capacitive loop, which determines
that the ATP increases the charge transfer resis-
tance of the double layer on the surface.

4. The inhibition efficiencies of ATP increased with
increasing its concentration and the immersion
time.

5. Adsorption on the present inhibitor obeys the
Langmuir isotherm, and the thermodynamic data
extracted by this isotherm show the chemisorption
process.

6. In all cases, the negative sign of the AG; 4, and AH 4
indicates that the adsorption process is spontaneous
and endothermic. The value of AG2, is 40 kJ mol ™',
which may result from the electrostatic interactions
of multireaction centers of the polymer with the
charged Fe surface, especially at higher concentra-
tions of terpolymer.

METALLURGICAL AND MATERIALS TRANSACTIONS A

7. AFM and OM examinations also demonstrate a
decrease in surface roughness and corrosion attacks,
respectively, in the presence of ATP, in good agree-
ment with EIS results.

8. Quantum chemical study reveals that lone pair elec-
trons of oxygen can be suitable sites to adsorb onto
the metal surface.
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