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Abstract The corrosion of mild steel in HCI medium
containing different concentrations of sulfonated polysul-
fone polymer (SPS) has been evaluated by electrochemical,
chemical and theoretical studies. SPS shows around 84%
inhibition efficiency at 3000 ppm concentration. Inhibition
efficiency increases with increase in temperature from 30
to 60 °C. The adsorption of SPS on mild steel was found to
be Langmuir’s adsorption isotherm. The calculated ther-
modynamic functions were employed to give further
insight into the mechanism of inhibition action of SPS.
Quantum chemical calculations were supported the results.
Dipole moment of SPS was found to be 4.6 D, AE (energy
difference) was 5.02, and these values suggest the good
interaction between inhibitor and mild steel surface.
Scanning electron microscopy images confirm the adsorbed
inhibitor film on the metal surface. FTIR results validate
the interaction of SPS with mild steel surface.
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1 Introduction

Corrosion is the degradation of metals and alloys by
interaction with their surroundings. Corrosion failures need
for expensive replacements may occur, even though there
was small destruction by corrosion. In industries, acid
pickling, acid cleaning, acid de-scaling and oil well
acidizing are very common and hydrochloric acid is used to
employ it [1-3]. In this processes, steel undergoes corro-
sion by interacting with an acidic solution [4, 5]. To control
the corrosion, among the various methods, the use of
inhibitor is efficient and flexible. A corrosion inhibitor is an
organic or inorganic compound, and it controls the corro-
sion by adsorbing on the metal surface [6—12].

Nowadays the use of polymers as corrosion inhibitors
concerned considerable attention due to low cost,
stable and non-toxic nature. Polymers find applications as
efficient corrosion inhibitors for steel [13, 14]. The high
surface energy of polymers has a more tendency to make
complex with metals [15]. Only few polymers exhibit
interaction with metal; this is attributed to high charge
density on their polymer ion leading to complex with metal
ion [16]. Polyaniline has been used as an effective corro-
sion inhibitor for mild steel in HCI [17].

The influence of poly (styrenesulfonic acid)-doped
polyaniline polymer on the inhibition of corrosion of mild
steel in HCl was investigated [18]. Badran et al. [19]
reveals the effect of different polymers on the efficiency of
waterborne methylamine adduct as corrosion inhibitor for
surface coatings. Varsha et al. [20] developed the poly
(aniline-co-o-toluidine) as inhibitor. Several reports have
been shown that the polymer is a possible protective
material, especially for mild steel [21-23].

Polymers are used as corrosion inhibitors because of
their functional groups. They form complexes with metal
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ions, and these complexes occupy a large surface area,
thereby blanketing the surface and protecting the metal
from corrosive agents present in the solution. The inhibi-
tive power of these polymers is related structurally to the
cyclic rings, heteroatoms (oxygen and nitrogen), that are
the major active centers of adsorption.

The present work is aimed at investigating the corrosion
inhibition characteristics of sulphonated polysulfone poly-
mer (SPS) on corrosion of mild steel in 1 M HCI solution.
SPS is a big molecule and nowhere has tried as corrosion
inhibitor for any metals. This polymer contains sulfur and
oxygen atoms, and these are mainly donating the electron
to make a chemical bond with metals. These are mainly
responsible to choose this polymer as corrosion inhibitor
for these studies. Weight loss, potentiodynamic polariza-
tion and EIS techniques were performed to evaluate the
results. Adsorption isotherm and thermodynamic parame-
ters were studied to establish the mechanism of corrosion
inhibition. Quantum study was also conducted to verify the
experimental results with theoretical results.

2 Experiments
2.1 Materials

Mild steel specimens of dimension 4 cm X
2.5 cm x 0.05 cm were used for weight loss method.
Specimens with an exposed area of 1 cm? (rest was covered
with araldite resin) with 3.0 cm long stem were used for
electrochemical methods. The specimens were abraded by
using different grade emery papers, washed thoroughly with
distilled water, degreased with acetone and dried at room
temperature. The corrosive medium was HCI and was pre-
pared by double distilled water.

2.2 Test Solution
SPS was synthesised and characterized by adopting the

standard and reported procedure [24]. The structure of the
polymer is shown in Fig. 1.

Fig. 1 The molecular structure of sulfonated polysulfone polymer
(SPS)
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The stock solution was prepared in DMSO (dimethyl
sulfoxide) and then diluted to required concentration in the
HCI medium (0-5000 ppm). However, the same concen-
tration of DMSO was added to the blank solution to cancel
its effect.

2.3 Methods
2.3.1 Weight Loss Measurements

Weight loss measurements were carried out by immersing
the mild steel specimen in a 100 cm® of corrosive media
(1 M HCI) in the presence of different concentrations of
the inhibitor. Specimens were weighed before immersing
into the corrosive medium, and after 4 h of immersion, the
specimen was washed with water, dried and weighed
accurately (ASTM standards). The difference between the
weight before and after the experiment was recorded. All
these experiments were conducted twice, and average
values were reported.

2.3.2 Electrochemical Measurements

The electrochemical measurements were performed twice
by CHI 608D electrochemical workstation (CH Instru-
ments, Austin, USA) at different temperatures. Mild steel,
platinum and silver—silver chloride electrodes were used as
working electrode, a counter electrode and reference
electrode, respectively. One hour time was given to the
electrodes to achieve the equilibrium potential. Polariza-
tion experiments were conducted from —0.2 V anodically
to +0.2 V versus the OCP at a scan rate of 0.001 V s~
Electrochemical experiments were conducted from 30 to
60 °C. These experiments were conducted at different
temperatures, to know the performance of the inhibitor at
different temperatures. Above 60 °C, mild steel dissolution
is very high so it is conducted up to 60 °C.

The impedance measurements were conducted by using
AC signal with 5 mV amplitude at OCP in the frequency
range of 100 kHz—10 MHz. Polarization results and impe-
dance results were consistent during the measurements.

2.3.3 Surface Morphology Studies

The surface morphology of the mild steel specimens in the
presence (3000 ppm) and absence of SPS at 30 °C was
investigated using scanning electron microscopy (JEOL
JSM-6380LA). 3000 ppm shows maximum inhibition
efficiency, and it covers almost all parts of the metal so it is
choosing for studies.
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2.3.4 Quantum Chemical Studies

Quantum chemical calculations for SPS inhibitor were
carried out in the gas phase by using parametric method 3
(pm3). These calculations were performed by using
Hyperchem 7.5 package program (Hypercube Inc., Florida,
2003).

3 Results and Discussion
3.1 Weight Loss Studies

The corrosion inhibition efficiency (% #,) values are
reported in Table 1.

The % 1n, was calculated from the following
relationship
c—-Ww

where W° and W are a weight loss of mild steel in the
absence and presence of inhibitor.

The result indicates that % n, was increased with
inhibitor concentration up to 3000 ppm, and above this
concentration, no changes in efficiency were observed.

3.2 Potentiodynamic Polarization Studies

The polarization behavior of mild steel in 1 M HCI at
different temperatures in the presence of different con-
centrations of SPS is shown in Fig. 2.

Table 2 gives the electrochemical parameters obtained
by Tafel method.

The % #n, was calculated from the following relation

1

% np = “om LT 5 100 2)

corr

Table 1 Weight loss measurements results

Inhibitor concentration (ppm) Weight loss in gram YoM

Blank 0.0296

500 0.0193 34.79
1000 0.0185 375

1500 0.0170 42.56
2000 0.0149 49.62
2500 0.0135 54.39
3000 0.0123 58.44
4000 0.0178 39.86
5000 0.0181 38.85

where i . and i.,.° are corrosion current densities in the
presence and absence of inhibitor, respectively.

Corrosion current values (i.o,) were decreased with
inhibitor concentration, and it decreases up to 3000 ppm.
Corrosion current values were decreased from 302 to
138.9 pA cm ™2 at 30 °C. In the same way, corrosion cur-
rent decreased from 1007 to 159 pA cm ™2 at 60 °C. In this
study, 3000 ppm of the SPS was considered as an optimum
concentration for achieving maximum inhibition. The
variation of E.,, values shows a steady trend with different
temperatures and concentrations of the inhibitor. It is
known that if the displacement of E.., is smaller than
85 mV, then it is considered mixed-type inhibitor [25]. In
our studies, changes in E., are around 15-35 mV, and in
average displacement it is around 20 mV.

3.3 Electrochemical Impedance Spectroscopy (EIS)
Studies

Figure 3 gives the EIS data of mild steel in 1 M HCI with
different concentrations of SPS at a different temperature.

Table 3 gives data obtained by the impedance method.
R, values were increased with inhibitor concentration, and
it is also supported by the diameter of the semicircle in
Fig. 3 [26, 27]. Equivalent circuit model was used to
analyze the EIS data (Fig. 4). This circuit was established
by using Zsimp software. R, is polarization resistance, and
R, is solution resistance. Cq is double-layer capacitance.
Inhibition efficiency (%#,) was calculated using following
equation.

0

R —
B T (3)

Tonz = R,

where R, and R} are polarization resistance values in the
presence and absence of inhibitor.

R, values increased and capacitance values decreased
with inhibitor concentration. Decreased capacitance values
confirm the adsorption of the inhibitor on metal surface.
Which is due to reduce in the local dielectric constant with
increase in the thickness of the electrical double layer. The
effect of concentration of inhibitor and temperature on the
inhibition efficiency was followed the same trend like
polarization method. The obtained #, are in good agree-
ment with #,, and 7,,.

3.4 Effect of Inhibitor Concentration

Inhibition efficiency at various temperatures is given in
Tables 2 and 3. In the studied temperature, range inhibition
efficiency of the inhibitor molecules increases up to
3000 ppm, and above this concentration, the inhibition
efficiency is almost same or less. It suggests that 3000 ppm
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Fig. 2 Tafel plots for mild steel at a 30 °C, b 40 °C, ¢ 50 °C, d 60 °C

of the inhibitor concentration is the optimum level for
achieving good inhibition. SPS covers entire metal surface
at 3000 ppm and gives maximum efficiency. Above
3000 ppm concentration, inhibitor may come out from the
metal surface and exposes of the metal surface to the
corrosive environment. So, corrosion rate increases above
3000 ppm inhibitor concentration.

3.5 Effect of Temperature

Tables 2 and 3 give the variation of inhibition efficiency
with temperature in the range 30-60 °C. Inhibition effi-
ciencies of SPS were increased with the temperature up to
60 °C. Physisorption and chemisorption are the possible
methods of adsorption of the inhibitor on the metal surface.
In this case, the inhibitor is adsorbed on the metal surface
by chemisorption alone or a combination of both
physisorption and chemisorption method. SPS may form a
strong bond with the metal surface. This phenomenon

@ Springer

2.8+ (b)

-3.0
3.2 4
3.4 4
3.6
3.3
-4.0
-4.2 4

logi(Acm™)

-4.4
-4.6
-4.3

5.0
$5.24

$.4

L T L) L) L) L] L] L] L]
450 0.49 048 P47 V6 0.5 V¢ 0.8 02 -
E vs SCE(V)

234 (d)

N

36 8 s
33 $ L JJ"'-, f
0

w2
=44
6]
-3 4 |
5.0
5.2
S0
5.6
53]
6.0
6.2

log i(Acm™)

T L) T Al
049 0438 047 0.46 0.4s 0.4l 0.43 042
E vs SCEMW

holds good up to 60 °C, and above this temperature,
adsorbed molecules may be desorbed and the metal surface
is exposed to the acid environment, so corrosion is
increased. SPS gains threshold energy efficiently for
making a strong chemical bond to a metal surface with a
rise in temperature up to 60 °C. Above 60 °C, the time gap
between adsorption and desorption of inhibitor molecules
on the metal surface is too small. Hence, the metal surface
remains exposed to the acid environment for a longer
period. Therefore, inhibition efficiency falls at elevated
temperature.

Polymers are bigger molecules than organic molecules,
and they cover most of the metal compared to other organic
inhibitors. In this case, SPS is adhered to the metal firmly
by both chemisorption and physisorption method. At 50
and 60 °C, chemisorption is dominated and shows higher
inhibition efficiency. SPS blocks active sites of the metal
by forming a passive layer, and it acts as a barrier between
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Table 2 Polarization results

'I;emperature Inhibitor E o versus SCE Leorr A cm~2  Corrosion fc mV/ pa mV/ % 1,

(O con" (ppm) (mV) rate (mpy) decade decade

30 Blank —0.462 302.0 134.86 —86.02 83.09 -
500 —0.465 166.6 74.39 —42.04 81.24 44.41
1000 —0.463 164.4 73.41 —-51.91 69.95 45.86
1500 —0.461 163.1 72.83 —43.15 73.95 46
2000 —0.447 158.3 70.69 —32.00 51.71 47.58
2500 —0.445 147.8 66.00 —30.46 62.03 51.05
3000 —0.447 138.9 62.02 —25.02 32.8 54
4000 —0.453 163.7 73.12 —18.78 40.51 45.78
5000 —0.458 157.3 70.24 —15.5 41.95 479

40 Blank —0.455 345.2 154.12 —118.14 43.55 —
500 —0.467 177.9 79.44 —48.77 66.67 48.46
1000 —0.452 173.0 77.25 —69.95 45.81 49.88
1500 —0.458 165.3 73.81 —57.18 53.56 52.11
2000 —0.445 166.7 74.44 —49.96 29.54 51.7
2500 —0.440 159.9 71.40 —43.61 40.68 53.67
3000 —0.444 144.4 64.48 —31.46 24.14 58.16
4000 —0.447 174.2 77.92 —43.32 39.52 49.45
5000 —0.453 169.4 75.64 —43.07 38.85 50.92

50 Blank —0.442 619.2 276.5 —34.53 65.52 -
500 —0.446 182.6 81.54 —69.67 70.72 70.51
1000 —0.455 177.2 79.13 7747 71.82 71.13
1500 —0.452 168.4 75.20 —96.54 76.70 72.88
2000 —0.446 168.1 75.06 —41.74 39.40 72.85
2500 —0.446 165.1 73.72 —85.02 68.64 73.33
3000 —0.443 152.9 68.27 —78.10 65.44 75.30
4000 —0.455 176.5 78.83 —61.43 54.14 71.49
5000 —0.478 224.7 100.34 —113.09 110.53 63.71

60 Blank —0.450 1007 449.69 —45.98 16.57 -
500 —0.470 218.4 97.52 —115.06 89.40 78.31
1000 —0.452 191.0 85.29 —84.44 133.9 78.64
1500 —0.448 185.4 82.79 —81.10 76.53 81.58
2000 —0.454 176.3 78.72 —177.76 81.41 82.49
2500 —0.440 172.5 77.03 —104.03 72.78 82.86
3000 —0.433 159.3 71.13 —127.42 86.16 84.18
4000 —0.467 196.3 87.68 —160.76 91.81 80.5
5000 —0.476 238.6 106.55 —102.28 73 76.29

metal and acid. It indicates that SPS is an excellent cor-
rosion inhibitor at a higher temperature.

3.6 Quantum Chemical Studies

Quantum chemical method is a theoretical method to elu-
cidate the structure and mechanism of corrosion inhibition
of the inhibitor. This method is extra evidence to the
experimental results. The optimized molecular structure of

monomer unit of sulfonated polysulfone polymer (SPS) is
given in Fig. 5. The evaluated quantum chemical data are
provided in Table 4. Adsorption of the inhibitor on metal
surface takes place by donating the electrons by the inhi-
bitor molecule to the metal surface. Higher the Eyonmo, and
lower the Ej ymo values related to the higher tendency of
donation and acceptance of electrons from the inhibitor to
the metal surface. The compound with lower AE values
gives higher inhibition efficiencies because the excitation

@ Springer
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Fig. 3 Nyquist plots for mild steel at a 30 °C, b 40 °C, ¢ 50 °C, d 60 °C

energy gap is more polarizable and is associated with
chemical reactivity. SPS AFE value is 5.02 eV, and it jus-
tifies the results. Corrosion inhibition efficiency increases
with decrease in AE values [28, 29]. In this present study,
the calculated AE value is 5.02 eV and this value is small
and indicates as a good corrosion inhibitor. Dipole moment
(W plays a significant role in deciding the inhibition effi-
ciency of the adsorbed inhibitor molecule on mild steel
surfaces. The evaluated dipole moment (p) of SPS is 4.606
debye. It shows that SPS is an excellent corrosion inhibitor
for mild steel in 1 M HCl medium. Quantum studies give
the further evidence and confirm the experimental results.

3.7 Surface Morphology Study

SEM images were taken for the mild steel specimen in 1 M
HCI with and without SPS inhibitor.

Figure 6 shows some flake, and almost all part of the
metal is corroded. These heterogeneous surfaces undergo
corrosion easily. In the presence of the inhibitor, metal is
completely covered by the inhibitor (SPS), and it strongly

@ Springer

adheres to the metal surface. It gives uniform surface and
covered the metal surface by avoiding the interaction
between metal and corrosive environment so it gives more
inhibition efficiency. Polymers are larger in size, so they
cover the metal surface thoroughly and uniformly [30].

FTIR spectra of the pure SPS and scraped compound
from the metal surface were recorded and are given in
Fig. 7.

In the scraped compound, stretched frequency of the
compound is completely merged. It indicates the strong
interaction between metal and SPS so it gives more inhi-
bition efficiency in the presence of SPS.

3.8 Adsorption Isotherm and Thermodynamic
Parameters

Adsorption isotherm provides the basic information on the
interaction between the inhibitor and metal surface.
Polarization measurements values were used to evaluate
the degrees of surface coverage () in the presence of
different concentrations of inhibitor. The data were applied



J Bio Tribo Corros (2017) 3:46

Page 7 of 10 46

Table 3 EIS results

Temperature ('C) Inhibitor con”™ (ppm) R, Q cm? Caq (UF cm™2) %on,,
30 Blank 12.81 49.38 -
500 20.41 47.89 37.23
1000 22.84 45.67 4391
1500 24.03 4391 46.69
2000 28.95 39.59 55.75
2500 30.89 38.98 58.53
3000 31.90 36.28 59.84
4000 27.79 37.94 53.90
5000 28.71 41.92 55.38
40 Blank 10.68 52.98 -
500 21.34 46.38 49.95
1000 22.54 44.90 52.61
1500 25.06 41.39 57.38
2000 29.73 38.18 64.07
2500 32.08 36.71 66.70
3000 34.85 35.46 69.35
4000 22.35 36.47 52.21
5000 23.43 37.01 54.41
50 Blank 7.768 53.77 -
500 26.08 45.05 70.21
1000 28.24 43.28 72.49
1500 30.63 40.09 74.63
2000 31.20 37.87 75.10
2500 32.79 35.27 76.30
3000 36.54 33.75 78.74
4000 20.66 34.25 62.40
5000 17.06 38.91 54.46
60 Blank 6.018 55.14 -
500 27.53 44.75 78.14
1000 29.67 42.54 79.71
1500 31.70 39.89 81.01
2000 33.89 36.57 82.24
2500 34.90 33.87 82.75
3000 38.46 31.08 84.35
4000 30.04 34.87 79.96
5000 28.33 35.88 78.75

=0

Rp

Rs

o

Fig. 4 Equivalent circuit for EIS

Fig. 5 Optimized monomer molecular structure of SPS
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Fig. 7 FTIR spectra of pure SPS and scrapped SPS from the metal
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Table 5 Thermodynamic Temperature (C)

—AG.qs (k] mol™h

AH.4s (kJ mol™h) —ASa4s J mol ' K71

parameters
30 30.02
40 31.33
50 36.18
60 37.89

56.57 0.28485

and 0 is the surface coverage, which is calculated using
equation
_ 7o,
100

(5)

where % 1, is the inhibition efficiency as calculated using
Eq. 2.

The plot of C/0 versus C gives a straight line with
intercept 1/K of Langmuir adsorption isotherm is shown in
Fig. 8.

The thermodynamic parameter, standard free energy of
adsorption (AGZdS), is calculated from the thermodynamic
equation

K= %exp (7???“‘15) (6)
where K is the equilibrium constant for the adsorption/
desorption process, 55.5 mol dm™* is the molar concen-
tration of water in the solution, 7T is temperature and R is
the gas constant.

Standard enthalpy of adsorption (AH,4) and standard
entropies of adsorption (AS.4s) were obtained from the plot
of (AG;dS) versus T according to the basic thermodynamic
equation

AGS, = AHC

ads

— TAS (7)

ads

The thermodynamic data obtained from adsorption iso-
therm are tabulated in Table 5

The correlation coefficient (R?) was used to choose the
isotherm. The linear regression coefficients are also close
to unity, and the slopes of straight lines are nearly unity,
suggesting that the adsorption of SPS obeys Langmuir’s
adsorption isotherm. SPS has strong adsorption on the
metal surface and is proved by high K values. Negative
AG, indicates that adsorption of the inhibitor on the metal
surface is spontaneous and stable. The AGZdS values for
SPS on the mild steel surface are —30.02 to
—37.89 kJ mol ', indicating the chemisorption with slight
effect of physisorption. SPS polymer gained threshold
energy at a higher temperature and adsorbed strongly on
the metal surface by making coordinate covalent bond.
Therefore, inhibition efficiency increases up to 60 °C, but,
above this desorption, will play a dominant role, and
adsorbed molecules may be desorbed from the metal sur-
face. Therefore, inhibition efficiency is decreased.

A plot of AG,4° V/s T was used to calculate the heat of
adsorption AH,4° and the standard adsorption entropy
AS,4s°. According to Eq. 7 shows the good dependence of
AG,4s° on temperature. The thermodynamic data are given
in Table 5. Thermodynamic parameters can obtain mech-
anism of corrosion inhibition. The enthalpy of adsorption
could be approximately regarded as the standard enthalpy
of adsorption (AH,4,°) under experimental conditions. The
positive sign of AH,y° indicates that the adsorption of
inhibitor molecule is an endothermic process. In general,
an exothermic adsorption process signifies either
physisorption or chemisorption, while the endothermic
process is attributable unequivocally to chemisorption [31].
The AH,4.° values obtained for the studied inhibitor on the
mild steel surface in 1 M hydrochloric acid ranges is
around 56.57 kJ mol™', indicating chemical adsorption.
The negative value of entropies (AS,y°) is —0.28
Jmol 'K™" which implies that an ordering takes place
when the inhibitor gets adsorbed on the metal surface.

4 Conclusions

SPS (sulfonated polysulfone) polymer acts as a good cor-
rosion inhibitor for mild steel in acid medium. Corrosion
inhibition efficiency of SPS increases with temperature and
concentration. The adsorption mechanism of SPS on the
mild steel surface obeys Langmuir’s adsorption isotherm.
The strong interaction between SPS and the mild steel
surface is proved by negative values of Gibbs free energy
of adsorption (AG,qs). Electrochemical results show that
SPS is a mixed-type inhibitor. A quantum study proves the
experimental results.
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