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Poly(salicylic acid) PSA has been electrochemically deposited onto a Pt electrode. The kinetics of the polymerization reaction has
been studied. The polymer structure was confirmed and characterized using IR spectroscopy, XRD, SEM, and TGA analysis. The
deposited PSA was then collected from the Pt surface and tested as a corrosion inhibitor for a mild steel electrode in an aqueous
medium of 1 M sulfuric acid. The corrosion behavior was then evaluated using potentiodynamic polarization and electrochemical
impedance spectroscopy (EIS). Corrosion measurements showed that the inhibition efficiency of 20, 50, and 100 ppm of PSA was
33, 57, and 74%, respectively. The inhibition mechanism was proved using adsorption isotherms as well as quantum calculations.
The inhibition of the corrosion process was due to the adsorption of PSA on the steel surface, which was found to comply with the

Langmuir adsorption isotherm.

1. Introduction

Mild steel is one of the main construction materials, which is
extensively utilized in many industrial applications and
devices. Its tendency to undergo indentation and corrosion
in aqueous solutions especially in acidic medium is the
major disadvantage despite its low cost and excellent
mechanistic characteristics [1-3]. The acidic medium H,SO,
or HCl is used in manufacturing processes such as cleaning,
pickling, and descaling as well as in oil drilling [4].

One of the main technological effective methods of
corrosion protection used to reduce the rate of dissolution of
metals is by applying inhibitors, which are mostly organic
compounds carrying delocalized m-electrons and containing
N, O, and/or S as hetero-atoms [5]. Conducting polymeric
inhibitors CP have also been used due to their industrial

applications and economic viability; upon adsorption of
these polymers, they are able to block large areas of the
corroding metal surface. On the other hand, polymers act as
excellent inhibitors when used at low concentrations as
compared to simple organic materials. The efficiency of these
inhibitors depends on their ability to be adsorbed on the
metal surface. A higher inhibition efficiency requires a
higher molecular weight and a large molecular size of the
inhibitor in order to ensure a greater coverage of the metallic
surface [6].

Polyaniline derivatives (PANI), poly (diphenylamine),
poly(aminoquinones) [1, 7-11], and phenylenediamine
polymers have been investigated because of their inhibition
features [12, 13]. The polythiophene (PTh), polypyrrole
(PPy), and polycarbazole (PCz) have also been used as
corrosion inhibitors [14-16]. Abd El-Hafeez et al. recently
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used poly (salicylic acid-co-N-methylaniline), poly(SA-co-
NMA), and poly(o-bromophenol-co-N-methylaniline),
(poly(OBP-co-NMA)) as corrosion inhibitors for mild steel
[17, 18]. The results showed that the used polymers increased
the corrosion protection efficiency of the passivated mild
steel samples. Hydrazide derivatives were also used and
showed a good inhibition effect [19, 20].

Phenols and polyphenols were also investigated as
corrosion inhibitors [21-23]. Aljeaban et al. recently studied
decorated polymers with functional motifs for the mitigation
of steel corrosion [24]. The diverse structures of phenol
polymers lend them various biological and chemical ap-
plications such as antioxidant activity, antibiotic, and an-
tifouling actions. Veys-Renaux et al. studied the
morphological, structural, and electrochemical effects of
some polyphenolic compounds, mainly esculetol, esculin,
and rutin on the corrosion behavior of steel in a weak acidic
medium containing 10> M NaCl at pH=4 [22]. The in-
hibitory effect of polyphenols extracted from Artemisia
herba-alba (AHA) on mild steel corrosion in a 1 M HCI
solution was tested, and the results showed that the effec-
tiveness of inhibition was 92.9% at 900 ppm [25]. The
preventive effect of some phenol Schiff bases on the cor-
rosion of mild steel in acidic medium revealed that the
protective efficacy for the used inhibitors improves with
decreasing temperature and rises with concentration [26].
The effect of tannins as corrosion inhibitors of bare and
coated aluminum alloys 1200 was investigated by Nardeli
et al. [27].

The effect of using green inhibitors, namely, Rosmarinus
officinalis RO polyphenols, on the corrosion behavior of
X(C48 steel in an acidic medium has been studied. Results
show that the RO behaved as a mixed inhibitor and the
inhibition efficiency increased with increasing the concen-
tration of the inhibitor and decreased with the rise of the
temperature [28]. Another phenolic ecofriendly extract of
Ammi visnaga was also examined as a corrosion inhibitor for
mild steel in acidic medium. Potentiodynamic and elec-
trochemical impedance spectroscopy (EIS) studies showed
that the tested species act as mixed-type corrosion inhibitors
[29].

Chung et al. studied the corrosion behavior of mild steel
in 1 M H,SO, containing Cucumis anguria L. (C. anguria L.)
as a corrosion inhibitor [30]. The maximum inhibition ef-
ficiency was found to be 92.39% for 250 ppm of the
C. anguria L. leaf extract inhibitor. The synergistic effects of
cerium nitrate on the corrosion retardation ability of the
tannic acid (TAA) were tested in a NaCl solution [31].

The corrosion behavior of mild steel was studied in the
presence of some commercial inhibitors in phosphoric acid,
the higher inhibition efficiency was 31.60% at a 0.2mL/L
concentration of Corrogard [32]. The inhibitive impact of
the ecofriendly polyester (Glyptal) was also examined, and it
showed an inhibition efficiency of 67.32 and 90.72% at 100
and 1000 ppm, respectively [33]. Gravimetric techniques
were used to test some thiazole derivatives, namely, APNT
and APT, as organic inhibitors in 1 M HCI solution, the
inhibition efficiency of APNT decreases from 97.1 to 80.4%
in the temperature range 303K to 333K and decreases
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sharply from 94.1 to 52.6% for APT [34]. The inhibition
action of some amine compounds on the corrosion of mild
steel in HCI was studied; 0.1 M of anthranilic acid, o-phe-
nylenediamine, and p-toluidine gave inhibition efficiency of
85.11, 38.71, and 29.63%, respectively [35]. Some organic
acids were investigated as inhibitors for mild steel. Benzoic
acid and salicylic acid were investigated in a sulfuric acid
medium. The inhibition efficiency of 0.001 M of the used
acids at 313 K was 41% for benzoic acid and 47% for salicylic
acid [36]. Anthranilic acid was tested in 1°M HCI and the
inhibition efficiency was 64.6% at 500 ppm and 303 K [37].
Ade studied the inhibition efficiency of 20 mg of benzoic
acid, salicylic acid, anthranilic acid, 2-nitro benzoic acid, and
2-chloro benzoic acid in different acidic media. The higher
inhibition efficiency was 32.43% for anthranilic acid in 0.1 N
H,S0,, 66.66% for 2-chloro benzoic acid in 0.01 N H,SO,,
and 80.95% for anthranilic acid in 0.001 N H,SO, [38].

SA was tested as a corrosion inhibitor and it showed
good inhibition efficiency; the aim of choosing PSA is the
higher m.wt of the polymer, which will allow an excellent
surface coverage compared to SA, and the functionality
increases also which increases the active sites to be absorbed
to the metal surface.

In this work, an extensive kinetic study for the elec-
tropolymerization of salicylic acid was accomplished. The
deposited poly (salicylic acid), PSA, was collected from the
Pt-electrode surface, characterized, and then, it was exam-
ined as a corrosion inhibitor for mild steel in 1 M H,SO,.

2. Materials and Experimental Procedures

2.1. Materials and Solutions. Salicylic acid was obtained from
(Merck Schuchardt, Germany), and sulfuric acid, ethanol,
and acetone were provided by El Nasr Company for In-
termediate Chemicals (Egypt). The used chemicals were of
analytical grade and were used as received. All solutions were
prepared using fresh deionized water.

2.2. Electrochemical Measurements. A three-electrode sys-
tem was applied to evaluate the electrochemical performance
of the mild steel electrode in a naturally aerated stagnant 1 M
H,SO, solution (pH=2). A VoltaLab potentiostat (Radi-
ometer PGZ301) was utilized for all electrochemical mea-
surements. A saturated calomel electrode SCE and a Pt-
electrode were used as the reference and counter electrodes,
respectively.

The Pt electrode was a Pt foil with dimensions of 1 cm
length and 0.5cm width containing a platinum wire
(0.75 cm) to facilitate the electrical connection, and it was
cleaned and dried before each measurement.

The working electrode was a mild steel rod of 0.5cm?
surface area, and its chemical composition is listed in Ta-
ble 1. The mild steel electrode was polished by consecutive
emery papers ranking from 600-2500 grit; then, it was
washed and dried using a soft paper. EIS was performed at a
steady state potential, and it was performed within the
frequency range of 100 000-0.1 Hz with a peak-to-peak
amplitude of 10 mV [39, 40]. The electrochemical impedance
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parameters have been fitted using the Z,, view software with
a suitable equivalent circuit [17, 41].

Potentiodynamic polarization measurements were exe-
cuted over the sweeping potential range of —1200 to
~100mV at a scan rate of 10 mVs~'. Subsequently, the steel
electrode was directly dipped in the corrosive medium. To
verify the reproducibility, every experiment was repeated at
least three times.

2.3. Preparation of Poly (Salicylic Acid). The electro-
polymerization of SA at concentrations ranging from 0.01 to
0.05mol-L™! in an aqueous solution of 0.2mol-L™" H,SO,
was performed at 313 K with the desired scan rate.

To obtain the required concentration of the polymer, a
certain amount of it was dissolved in 1 M H,SO, solution.
Then, a series of solutions with lower concentrations were
prepared by dilution.

24.  Determination of the Reaction Rate of
Electropolymerization. The reaction rate of the electro-
polymerization reaction was determined using the following
equation:

Rate = k[Monomer]® [H,S0,]’, (1)

where k is the rate constant of the electropolymerization
reaction.
The apparent activation energy E, was calculated using

the following equations:
dink E
_— —a_ N 2
d " Rp? (2)

where (k) is the rate constant, (T) is the absolute temper-
ature, and (R) is the universal gas constant. By integration,
we obtain as follors:

E
Ink = —2 4 C,
n RT+C

. (3)
Logk = ————— +C,
08X = 5 303R(1/T)

where C and C' are constants.

To check the validity of the Arrhenius equation, a plot of
log k against 1/T should give a straight line with a slope of
(-E,/2.303 R). In the present work, the value of k was
substituted by the values of the initial rates of the electro-
polymerization, and by plotting the values of the log rate
against 1/T, a straight line was obtained. The apparent ac-
tivation energy (E,) was calculated from the slope of the
straight line.

Enthalpy of activation (AH*) and entropy (AS*) were
calculated using the activated state theory equation (Eyring
equation):

RT K k . e
K= N o OSTR) ,(-AHIRT) ory = Ee(As R AHTRD = (4)

where K is the Boltzmann constant, h is Plank’s constant, R is
the universal gas constant, and T is absolute temperature.
Taking the natural logarithmic:

o) = 1ou(5) (30 - (o ()~ @

The plot of Log (K/T) against 1/T gives a straight line
with a slope that equals to (~AH*/2.303 R) and an intercept
that equals to (Log (k/h)+(AS*/2.303R). Therefore, the
enthalpy of activation (AH*) and entropy (AS*) can be
calculated from the slope and intercept of the above-
mentioned relationship, respectively.

2.5. Characterization of the Electrodeposited Polymer

(i) Ultraviolet spectroscopy was carried out using a
Shimadzu UV spectrophotometer (M160 PC) at
room temperature in the range from 200-400 nm
using ethyl alcohol as the solvent and reference.

(ii) Infrared measurements were carried out using a
Shimadzu FTIR-340 Jasco spectrophotometer (Ja-
pan) using KBr pellets on a disk.

(iii) "HNMR measurements were performed with a
Varian EM 360L, 60 MHz NMR spectrometer.
Dimethylsulphoxide (DMSO) was used as the
solvent.

(iv) Thermogravimetric analysis (TGA) was performed
using a Shimadzu DT-30 thermal analyzer (Shi-
madzu, Kyoto, Japan). The measurements were
recorded from RT up to 600°C (20°C/min) under N,
with a flow rate of 50 mL/min.

(v) Scanning electron microscopy (SEM) was carried
out on a PSA film deposited onto the Pt surface
using a JSM-T20 Electron Probe Microanalyzer
(JEOL, Tokyo, Japan). The X-ray diffraction analysis
(XRD) (Philips 1976 Model 1390, the Netherlands)
was operated using a Cu X-ray tube, scan speed:
8deg/min, current: 30mA, voltage: 40kV, and
preset time: 10 sec.

2.6. Quantum Calculations. In addition to experimental
measurements, the corrosion efficiency of salicylic acid
(SA) and its polymer (PSA for n=2) was investigated
using DFT calculations and molecular mechanics. First,
the stable conformers of SA and PSA were optimized
using the hybrid functional B3LYP and the basis set 6-
31G (d) as implemented in Gaussian 16 W software [42].
The optimization was followed by frequency calculations,
which confirmed that the ground states of optimized
geometries SA and its dimer were true minima. To
correlate the corrosion inhibition of SA and its dimer to
their molecular and electronic properties, a set of these
properties were calculated. Among the properties cal-
culated are ionization potential (IP), electronic affinity
(EA), gap energy between the HOMO and LUMO (AE),
electronegativity (y), chemical hardness (), softness
(S=1/y), electrophilicity (w), and dipole moment (u)
using the following formulae:
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TaBLE 1: The chemical composition (weight %) of the mild steel electrode.

Element C Si Mn S Cu Cr Ni Al Fe

Analysis 0.34 0.26 0.93 0.02 0.04 0.01 0.01 0.02 0.01 Balance

IP = ~Egowmos

EA = -E ymo»
a IP + EA
= 3 ,
3 (IP - EA)
T2
(6)
1
S=-,
n
2
w=t,
2n

12 12 12
p= A\,

In addition, the fraction of the transferred electrons (AN)
between the inhibitors SA and PSA from one side and the
metal/solution interface was calculated using the Pearson
theory [43] as shown in the following equation:

AN = Xre ~ Xinh ,
2 (nFe + ninh)

where y represents the electronegativity, Fe denotes the iron
atom, 7 indicates the hardness, and inh stands for SA and
PSA inhibitors. Moreover, the corrosion inhibition effi-
ciency of SA and its dimer may depend on the nucleophilic
and electrophilic sites that may bind/interact with the metal/
solution interface. The electrostatic potential (ESP) and
frontier molecular orbital (FMO) of SA and PSA were de-
termined at the same level of theory. In ESP maps, the red
color indicates the negative region, which corresponds to
hydrogen bond acceptors; while the blue color is an indi-
cation of the positive region, which corresponds to hydrogen
bond donors. The solvation effects were taken into account
implicitly by using the integral equation formalism variant
polarizable continuum model (IEFPCM) and water as the
solvent. In this model, the inhibitor is embedded in a cavity
surrounded by a solvent described by its dielectric constant ¢
(e.g., for water £=78.3553) [44]. Gauss View 6 is used for
visualization of the ESPs, frontier molecular orbitals HOMO
and LUMO. Molecular mechanics calculations were carried
out using the COMPASS force field in the Forcite model as
implemented in the Material Studio package (BIOVIA
Accelrys, San Diego, CA, USA, 2014). The adsorption en-
ergies of SA and its dimer on the metal surface was calu-
culated using the following formula:

(7)

Ead = EInh—Fe - (EFe + Elnh)’ (8)

where Inh denotes the inhibitor.

3. Results and Discussion

3.1. Electropolymerization of Poly (Salicylic Acid). Cyclic
voltammetry of SA in 0.30 mol-L™! H,SO, with a scan rate
of 40mVs™" at 313 K. The cyclic voltammogram started
from -500 to +2000mV (vs. SCE), as shown in
Figures 1(a) and 1(b). In the absence of SA, an oxidation
peak developed at —260 mV due to adsorption of hy-
drogen on the Pt electrode [45] (Figure 1(a)). On the
other side, in the presence of 0.04mol-L™" SA, two oxi-
dation peaks (I and II) appeared at —260 and +1170 mV,
respectively, while the oxidation peak (II) decreases with
the formation of PSA and a reduction peak (I') was
developed at +220 mV (Figure 1(b)). The first oxidation
peak (I) is a result of hydrogen reduction [45] while the
second oxidation peak (II) corresponds to a phenoxy-
radical, which was adsorbed on the Pt electrode as a result
of the oxidation of the monomer [46]. The adsorbed
radicals react via head-to-tail coupling with other SA
molecules to form a para-linked dimeric radical forming
polymeric film. This film is a chain of isolated aromatic
rings (polyethers) without m-electrons delocalization
between each unit as shown later in Scheme 1.

The oxidation occurred at more positive values
(+1170 mV) as the oxidation process became difficult due to
the presence of a carboxyl group (COOH). The reversing
anodic current was very small indicating the formation of a
good adhered polymer layer on the Pt surface [47]. The
cathodic peak (I1') which could be ascribed to the reduction
of the electrodeposited polymer film (quinoidal structure)
[47]. However, once polymerization was started, a brown
polymer film was rapidly deposited on the surface of the Pt
electrode. The potential difference between the two oxida-
tion peaks (I and II) was about 1430 mV, and no additional
peaks were observed between them, which confirmed the
absence of degradation products and also indicate a higher
homogeneity and regularity of the polymer film.

3.1.1. Effect of Repetitive Cycling. The effect of repetitive
cycling on the polymerization reaction is represented in
Figure 2. The peak currents (I, Ipyy, and I,pyr) decreased with
increasing the cycling up to 7 cycles, which reveals the effect
of H, reduction on the surface area of the electrode peak (I),
while the oxidation peak (II) decreases significantly with
repetitive cycling [45]. The formed polymeric film hinders
the diffusion of further phenoxide ions to the electrode
surface, causing a significant decrease in both the anodic and
the cathodic peak currents. The redox reactions were in-
dependent of the polymer thickness; this was evident from
the potential position of the redox peaks, which did not
shifted with an increasing number of cycles [48]. The low
anodic currents may be attributed to the presence of a
polymer film on the electrode surface.
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F1Gure 1: Cyclic voltammograms of a solution containing 0.30 mol-L™" H,SOy at 313 K with scan rate of 40 mVs™". (a) Without SA and

(b) with 0.04 mol-L™" SA.

3.1.2. Effect of the Scan Rate. The effect of the scan rate
ranged from 25-40mVs™' on the potentiodynamic anodic
polarization curves for the electropolymerization process as
shown in Figure 3(a). The results showed that both anodic
and cathodic peak current density (I,;; and I;yr) increased
with increasing the scan rate up to 40mVs ' and then
decreased after a scan rate of 40 mVs ™",

Figure 3(b) shows the linear dependency of the anodic peak
current densities (Ipyr), which corresponds to the formation of
the PSA layer versus the square root of the scan rate (v"). This
linear relationship indicated that the oxidation of SA to PSA isa
partially diffusion-controlled process, with the correlation co-
efficient (r*) being higher than 0.9 (#1.0), indicating a non-ideal
simulation relationship. Values of (Iy;) are directly proportional
to (v"%) according to the Randles and Sevick equation [49]:
FVD>1/2

Ly = 0.4463n FAC(n —

RT ©)

where 7 is the number of exchanged electrons, F is Faraday’s
constant (96485 C/mol), A is the electrode surface area (cm?), C
is the bulk concentration of the analyst diffusing coefficient
(cm?/s), v is the scan rate, R is the universal gas constant
(8.314Jmol " K™"), and T'is the absolute temperature (K). The
calculated values of diffusion coefficients (D) at 0.30 mol-L™!
H,SO, and 0.04 mol-L™' SA at 313K with different scan rate
values ranging from 25-40 mVs " are shown in Table 2.

The formation of radical cations is controlled by the
charge transfer process. When the polymers became thick,
the diffusion of the reactant within the film became a slower
step, and the process changed to diffusion transfer
Figure 3(a). The intercept in Figure 3(b) is small, —0.155 for
SA, as a result of reducing of the active area of the working
electrode during positive scanning due to the increase of the
area covered by the deposited polymer film [50].

3.1.3. Kinetic Studies. The kinetics of the electro-
polymerization reaction were investigated using an aqueous
solution containing different monomer concentrations in

the range between 0.01- and 0.04mol-L™" and H,SO,
concentrations in the range between 0.08- and 0.30 mol-L ™"
at 313K Figures 4 and 5, respectively. The cyclic voltam-
mogram for each monomeric system was measured, and the
relationship between the logl,,;; vs. log [SA] or logl,,j; vs. log
[H,SO,] was plotted.

(1) Effect of SA Concentration. The effect of SA concentra-
tions ranging from 0.01-0.05mol-L™" on the electro-
polymerization process is represented in Figure 4(a). The
anodic peak current density (I; and Iy) increased with
increasing the monomer concentration up to 0.04 mol-L™".
At higher concentrations (>0.04 mol'L™), no significant
increase in peak currents was observed, indicating that the
oxidation reaction at higher monomer concentrations is not
limited by diffusion alone. The anodic peak current density
(Ippr) was determined for different SA concentrations and is
represented in Figure 4(a).

Figure 4(b) illustrates that the double logarithmic plot of
the initial rates of electropolymerization reaction Log (Ri)
versus the monomer concentrations created a straight line
with a slope equal to 0.887, indicating that the order of the
electropolymerization reaction was a first-order reaction.

(2) Effect of H, SO, Concentration. The effect of H,SO,4 con-
centration (0.08-0.30 mol-L™}) on the electropolymerization
process is shown in Figure 5(a). The anodic peak current density
(Irand I,yp) increased with the increase in H,SO, concentration
values up to 03molL™". At higher concentrations
(>0.30mol-L™"), no significant increase in peak currents was
observed. This indicated that at higher concentrations, the
oxidation reaction was not limited by diffusion alone.

Figure 5(b) illustrates that the double logarithmic plot of
the initial rates of electropolymerization reaction Log (R;)
versus H,SO, concentrations, which provided a straight line
with a slope equal to 0.877, which suggested that the order of
the electropolymerization reaction was a first-order reaction.
The kinetic rate law can be written as follows:
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ScHEME 1: Mechanism of electropolymerization reaction of salicylic acid.

R, E= k[SA]** [H,50,]%%, (10)  (3) Effect of Temperature and Calculation of Thermodynamic

Parameters. Figure 6(a) represents the potentiodynamic

where Rp and E represent the electropolymerization rateand  polarization curves as a function of the solution temperature
k is the rate constant, respectively. in the range between 298 and -313 K under the optimum
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FiGuRre 2: Effect of repetitive cycling on the cyclic voltammograms
of the electropolymerization of SA from a solution containing
0.04 mol-.L™* SA and 0.30 mol-L™! H,SO, at 313 K with a scan rate of
40mVs™.

experimental conditions (0.04 mol-L™" SA and 0.3 mol-L™"
H,SO,). The anodic peak (II) increased with increasing
temperature up to 313K but above 313K, the anodic peak
(IT) decreased.

Generally, the rate of the electropolymerization reaction
is accelerated by raising the temperature. The variation of the
rate constant with the temperature follows the Arrhenius
equation:

Rate constant (k) = Ae” EJRT (11)

An alternative form was obtained by taking the loga-
rithm of each side. The initial rate (R;) of the electro-
polymerization reaction was calculated at different
temperatures ranging from 298 to 313 K; the data are rep-
resented in Figure 6(a).

The apparent activation energy (E,) was calculated by
plotting the logarithm of the initial rate log (I,;) versus 1/T
(Figure 6(b), which gives a straight line with a slope equal to
—2.8298. By applying the Arrhenius equation [47], the ap-
parent activation energy was calculated and found to be
5418 kJmol !, The enthalpy (AH*) and entropy (AS*) of
activation for the electropolymerization reaction can be
calculated from the k values.

The enthalpy (AH*) and entropy (AS*) of activation
associated with k were calculated using the Eyring equation
and are represented in Table 3:

RT (a5 AR
k — ﬂe(AS /R) e( AH /RT)’ (12)

where k is the rate constant, R is the universal gas constant, N
is Avogadro’s number, and & is Plank’s constant. The values
of AH*, AS*, and E, were found to be 51.75, —43.44, and
54.18 kJmol ™, respectively.

By plotting (log (k/T vs. 1/T) (Figure 6(c)), a linear re-
lationship with a slope of AH*/2.303 and intercept of (log
(R/Nh) + AS*/2.303 R) was obtained. From the slope and
intercept, the values of (AH*) and (AS*) are found to be
51.75kJmol ™! and —43.44 JK *-mol !, respectively. From the
calculated (E,, AH* and AS*), the formation of the activated
complex step was endothermic, as indicated by the positive
value of (AH™).

3.2. Characterization of Poly(Salicylic Acid)

3.2.1. Electropolymerization Mechanism. The anodic oxi-
dative polymerization of SA can be represented as follows::

3.2.2. Elemental Analysis. The elemental analysis data are
represented in Table 3. The proposed structure of the ob-
tained polymer is presented, and the data obtained from the
elemental analysis were in a good agreement with the
theoretical hypothesis of the proposed structure (see
Scheme 1).

3.2.3. Ultraviolet-Visible Spectra. The UV spectra of the SA
and PSA homopolymer are represented in Figure 7. The
spectra showed the following absorption bands:

(1) For SA, three absorption bands were observed at
Amax =230, 270, and 277 nm, which may be attrib-
uted to the transition (E, band) of the benzene ring
and B-band (A4-B,,), respectively.

(2) For PSA, four absorption bands appeared at
Amax = 223, 229, 232, and 265 nm, which may be due
to the high conjugation of the aromatic polymeric
chains.

3.2.4. Infrared Spectroscopy. The infrared spectra of SA and
PSA are represented in Figure 8. The infrared absorption
bands are also tabulated in Table 4.

3.2.5. "HNMR Spectroscopy. The "HNMR spectrum of PSA
is represented in Figure 9; it shows two solvent signals at
6=0.98 ppm and § = 2.50 ppm. The protons of benzene rings
in the polymeric structure were observed at 6=6.29 and
0=690ppm. The singlet signal that appeared at
§=9.50 ppm was attributed to OH protons for the water
solvation. The multiple signals at §=3.28ppm to
d=3.43ppm are attributed to the OH proton of the car-
boxylic group.

3.2.6. Thermogravimetric  Analysis. Thermogravimetric
analysis (TGA) of PSA is represented in Figure 10. The TGA
curve showed four stages.

In the first stage, including the removal of water in the
temperature range from to -100°C, the weight loss was
found to be 17.32% [47].
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TaBLE 2: Calculated values of the diffusion coefficient.

Scan rate (Vs ™) Diffusion coefficient, (D) (m?s™")

0.015 1.85x1077
0.020 1.76 x1077
0.025 1.62x1077
0.030 1.53x1077
0.040 1.34x1077

The next stage involved the loss of CO, molecules in the
temperature range up to 130°C; the weight loss for this step
was found to be 20.80%.

The third step was in the temperature range between 130
and -384°C, which included the loss of the benzene ring, and
the weight loss was found to be (34.77%).

The last step was above 400°Cm, which involved the
decomposition of the remaining part of the polymer, and the
weight loss for this stage was found to be (27.11%).

3.2.7. Surface Morphology and X-Ray Diffraction. The color
of the PSA film deposited on the Pt electrode is gray, and it is
homogeneous and adheres well to the surface of the elec-
trode. The morphology of the PSA film was examined by
SEM and XRD as well.

Figure 11(a) displays the SEM micrograph which shows
a smooth lamellar surface. The XRD pattern indicated that
PSA is a crystalline surface, as shown in Figure 11(b).

3.3. Application of PSA as a Corrosion Inhibitor for Mild Steel
inIM HZSO4

3.3.1. Open Circuit Potential Measurements. Figure 12
represents the open circuit potential of mild steel in the
presence of different concentrations of PSA (blank, 20, 50,
and 100 ppm), followed over 1 hour in a stagnant naturally

aerated aqueous solution of 1 M H,SO,. The results showed
that the presence of PSA shifted the steady-state potential to
less negative values, Figure 12.

3.3.2. Potentiodynamic Polarization (The Tafel Extrapola-
tion) Technique. The electrochemical behavior of mild steel
was investigated at different concentrations of PSA (blank, 20,
50, and 100 ppm) in 1 M H,SOy4; the linear polarization and
Tafel extrapolation techniques were used at a scan rate of
10mVs ™. Figure 13 illustrates the potentiodynamic polariza-
tion curves after holding the mild steel electrode at the open
circuit potential for 1hr. It was evident that the corrosion
potential shifted to the negative direction in the presence of
different concentrations of PSA and both the anodic and ca-
thodic current density decreased, indicating that PSA acts as a
mixed inhibitor. The inhibition efficiency of the inhibitor may
be attributed to its structure, as the inhibition efficiency will
increase with increasing the chain length, resulting in an in-
crease in the covered metal surface area as well as the electronic
structure of both the inhibitor and the metal [51, 52].

The values of the corrosion parameters, (Tafel slopes (8,
and f,) corrosion potential E,,,, corrosion current density
icorr> COTTOSiON rate, and the corrosion protection efficiency
(1%)) [53], of the polymer coat film were calculated and are
represented in Table 5.

Table 5: shows that the Tafel slopes (8, and f3,) decreased
in most cases with increasing PSA concentration, indicating
that the corrosion process was under activation control. The
corrosion current density (i.oyy was measured after im-
mersion of a mild steel electrode for 1 hr in 1 M H,SO,; the
corrosion rate decreased with increasing PSA concentration,
indicating that PSA has better corrosion resistance.

3.3.3. The Electrochemical Impedance Measurements.
Impedance measurement of PSA is illustrated in Figure 14 in
the form of Nyquist plots (Figure 14(a)) and Bode plots
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values.

(Figure 14(b)). The system response of the complex plane in
the Nyquist plot consists of a semicircle. The time constant
or diameter of the semicircle increases with increasing
polymer concentration. Figure 14(b) shows that there is a
maximum of one phase for the mild steel electrode with
intermediate frequency. This one-time constant appeared as
a well-defined capacitive loop in the intermediate frequency
region of the Nyquist presentation. The intermediate time

constant was due to the presence of a protective film on the
surface [39, 40].

The data can be adjusted utilizing the simple Randles
model (Figure 15), which consists of a parallel combination
between Cgj, double layer capacitance, Rct, charge transfer
resistance, all in series with R, solution resistance, and R, is
polarization resistance. The data are fitted and represented in
Table 6, which shows that the equivalent circuit parameter of
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TaBLE 3: Elemental analytical data of the prepared polymer.

C H o S
Cal. Found Cal. Found Cal. Found Cal. Found
PSA 51.66 49.87 3.08 3.42 41.32 41.35 3.94 5.36

Polymer name

a mild steel electrode after immersion for 1hr in naturally  increasing polymer concentration. The calculated equivalent
aerated 1 M H,SO, in the presence of PSA at 25°C, and also  circuit parameters indicated that PSA formed a passive
Ca (the adsorbed layer thickness 1/Cg) decreased with protective layer on the steel surface.
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TaBLE 4: Infrared absorption bands of SA and PSA.
Wavenumber
Assignments (em ™)
SA PSA
S S
CH out-of-plane bending for 1, 2 di-substituted benzene ring. 580w 680m
768 763
CH out-of-plane bending for 1, 2, and 4 tri-substituted benzene ring. 869™ 886°
Stretching vibration for C-O group. — 1024
Stretching for incorporation in the polymer sulfate group. 1218° 1193°
1456° 1454™
L . . 1656° 1660°
Stretching vibration of C=C in benzene ring 2600% 2597°
2876" 2856°
Stretching vibration for CH aromatic o 2999b
— 3233
Stretching vibration intermolecular hydrogen of solvated OH group or end group OH of polymeric chain. 3496° 3437%

(where s: strong, w: weak, b: broad, and m: medium).



12

Journal of Chemistry

(DMSO) ,«—\

] L T T T T

12 11 10 9 8 7

6 5 4 3 2 1 ppm

FIGURE 9: "HNMR spectra of PSA.

100

50

Mass (%)

~

0 200

400 600

Temperature [°C]

Figure 10: Thermogravimetric analysis (TGA) of PSA.

3.3.4. Mechanism of Inhibition Action

(1) Adsorption Isotherm. The data represented in Figure 16
showed that the adsorption process in accordance with the
Langmuir adsorption isotherm.

0

Ky C=—1o0,
ads (1—C)

(13)
where (K,q4,) is the equilibrium constant of the adsorption
process, (C) is the molar concentration of inhibitors by
molarity, and (6) is surface coverage value for the prepared
inhibitor. The results indicated that the prepared inhibitor
was highly adsorbed on the surface of mild steel forming a
protective film. The calculated (K,q4s) values were used to
determine the standard free energy, AG®,4 as follows:

o 1
8, = (g5 ), (14)

where (55.5) is the value of the water concentration in
solution and R is the gas constant at standard conditions.

From the data values, it was found that the value of AG,4;
was —9.7 kJ/mol proved that the adsorption process was a
spontaneous physisorption process. This revealed that the
inhibition process occurred via an electrostatic interaction
between the charged inhibitor molecules and the (physically)
charged metal surface.

(2) Quantum Calculations. Experimental measurements
revealed that the corrosion inhibition of the synthesized PSA
polymer increased with concentration and reached 74% for
100 ppm. It was reported that polymers have attracted at-
tention due to the presence of delocalization of 7-electrons,
so at lower concentrations they could serve as efficient
corrosion inhibitors if compared with the simple molecules
[7, 55]. Thus, one may conclude that the inhibition efficiency
of PSA is higher than that of SA, which has a 47% inhibition
efficiency [36]. To modulate the adsorption of PSA on the
metal surface, some molecular and electronic properties
along with the adsorption energies of the basic SA monomer
and its dimers were determined using DFT calculations and
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FIGURE 12: Variation of the open-circuit potential of mild steel with time in a stagnant naturally aerated aqueous solution of 1 M H,SO, at

different concentrations of PSA at 25°C.

molecular mechanics, as mentioned in Materials and
Methods. The molecular and electronic properties of SA and
its dimer calculated in a water solvent are presented in
Table 7.

The calculated properties indicated the higher reactivity
of the dimer compared with its monomer. For instance, the
energy gap of the dimer showed a variation of 0.1eV
compared to the monomer. The calculated (AN) indicated
the transfer of electrons from the inhibitor to the interface of
metal/solution (AN). This indicated that these compounds
may tend to give electrons to the interface of metal/solution.
The optimized geometries, ESP, and frontier molecular
orbitals of the monomer and its dimer are represented in

Figure 17. The red and blue regions on the ESP indicated that
the donor/acceptor atomic sites of SA and its dimer. HOMO
and LUMO orbitals showed more delocalization in the
dimer compared with the monomer, which may also explain
the higher inhibition efficiency of PSA.

Figure 18 shows the adsorption of SA and PSA on the
mild steel surface. The calculated adsorption energies of SA
and PSA on the metal surface are -67.93 and
-96.69 kcal-mol~". The more negative adsorption energy, the
higher is the corrosion inhibition. The PSA showed higher
adsorption energy on the surface compared with the SA,
which may confirm the effective inhibition efficiency of the
PSA.
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FI1GURE 13: Potentiodynamic polarization curves of mild steel in a stagnant naturally aerated aqueous solution of 1 M H,SOj, at different
concentrations of PSA at 25°C.

TaBLE 5: Potentiodynamic polarization parameter of steel after 1 hr. of electrode immersion in a stagnant naturally aerated solution of 1 M
H,SO, at 25°C. containing different concentrations of PSA.

Concentration E ore/mV R, (kQ.cm?) fcorr (/,tAcmfz) B. (mV/dec) B. (mV/dec) Corrosion ra‘[e/‘um}f1 1 (%)
Blank -670.6 0.502 107.1 263.4 —345.1 1.330 0.00
20 ppm -671.0 0.861 71.6 257.8 -364.1 0.890 33.2
50 ppm -672.3 0.850 45.1 188.1 —244.6 0.562 57.9
100 ppm —672.6 1.070 27.6 157.7 -180.9 0.343 74.2
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Ficure 14: Continued.
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FiGgure 15: Equivalent circuit model for a simple electrochemical cell (Randles model).

TaBLE 6: Equivalent circuit parameters for a mild steel electrode after immersion for 1hr in a stagnant naturally aerated solution of 1 M
H,SO, at different concentrations of PSA at 25C.

PSA concentration R,/Q.cm? R, (kQcm?) Cdl/chmf2
Blank 143.1 0.183 34.8
20 ppm 142.1 0.308 25.8
50 ppm 144.4 0.313 321
100 ppm 152.0 0.326 19.5
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FIGURE 16: Langmuir isotherm plot for the adsorption of PSA on a mild steel surface in a stagnant, naturally aerated solution of 1 M H,SO,
at 25°C.
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TasLE 7: Electronic and molecular properties of SA and PSA calculated in PCM model at the B3LYP/6-31G (d) level of theory.

SA PSA
Ionization potential, IP (eV) 6.34 6.44
Electron affinities, EA (eV) 1.50 1.70
Gap energy (eV) 4.84 4.74
x (eV) 3.92 407
1 (eV) 2.42 2.37
S (eV) 0.21 0.21
w (eV) 3.18 3.50
AN 0.64 0.62
DM (Debye) 2.80 7.68
Corrosion inhibition efficiency 47% 74%

Optimized
structure

ESP

HOMO

LUMO

(SA) (PSA)

FIGURE 17: Optimized geometries, ESPs, and frontier molecular orbitals of SA and PSA.
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FIGURE 18: Adsorption of the monomer SA and PSA on the mild steel surface.

4. Conclusion

PSA was electropolymerized and deposited onto a Pt elec-
trode. The kinetics measurements indicated that the polymer
yield increased with increasing of the SA concentration, and
H,SO, concentration as well as the polymerization reaction
temperature from 298 to -313 K proceeds.

The characterization of the deposited PSA indicated that
it is thermally stable up to 400°C as shown in TGA data. The
SEM micrographs and XRD patterns of the deposited PSA
coatings showed that it has a smooth lamellar crystalline
surface. A suggested polymerization mechanism was also
proposed.

The potentiodynamic polarization and EIS measure-
ments revealed that PSA may work as a mixed-type in-
hibitor, and the inhibition efficiency of 100 ppm of SA and
PSA were found to be 48 and 74%, respectively. The ad-
sorption isotherm revealed that the inhibition effect of PSA
proceeds via a physisorption process, and the quantum
calculations of the adsorption energy confirmed the effective
inhibition behavior of the PSA.
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