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1. Introduction

nhibition effects of 5-aminosalicylic acid (5-ASA) on the under deposit
[ corrosion of X60 steel in 3.5 % NaCl solution saturated with CO; have

been investigated by the techniques of potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS). The sand-covered electrode was
prepared by covering the X60 steel electrode with a layer of silica sand. The
increase of 5-ASA concentration up to 600 ppm led to increasing the inhibition
efficiency of X60 steel against under deposit corrosion in the brine solution. The
Langmuir isotherm can describe the adsorption behavior of 5-ASA on the
surface of the steel. Measurements of potentiodynamic polarization indicated
that 5-ASA is an anodic inhibitor. The effects of temperature on the under
deposit corrosion behavior of carbon steel were studied both in the absence and
presence of 600 ppm 5-ASA. The enthalpy of the 5-ASA adsorption was obtained
from the temperature dependence of the corrosion inhibition process. A
reasonable agreement was observed between the IE values resulted from the
Tafel and the EIS techniques. The electronic properties of 5-ASA were calculated
in both the gas phase and the aqueous phase by a density functional theory
(DFT) approach to establish the relationship between the inhibitive effect and
molecular structure of 5-ASA. Prog. Color Colorants Coat. 15 (2022), 97-109©
Institute for Color Science and Technology.

of the steel alloys has shown more severe corrosion in

The materials used for constructing pipelines are
usually metallic materials such as carbon steel, which
are easily susceptible to corrosion due to the interaction
with corrosive environments [1]. The corrosion of steel
pipelines of oil increases by settling of deposits such as
sand in them. It is very important to consider this type
of corrosion, namely as the under deposit corrosion
(UDC), because of the pipeline leaking effect of it [2].
Because of the presence of carbon dioxide gas in the
oil wells, it is worth considering the CO, corrosion as a
major challenge in the natural gas and oil industries [3-
5]. The literature survey reveals a lot of papers on the
CO, corrosion of steel alloys [6-10]. The CO, corrosion

comparison with the same pH acidic solutions [11].
The main cathodic reactions in the CO, corrosion

can be the reduction of H', H,COs;, HCOj3 and H,O

[12]. Despite some debate in the literature, the
hydrogen reduction reaction (HER) has been agreed as
the predominant cathodic reaction at the pH range of 3
to 5.5 [13]. The Fe dissolution as the main anodic
reaction involves an adsorbed intermediate as the rate-
determining step [14].

The corrosion inhibitors, as the most common
protecting materials for CO, corrosion of carbon steel
[15], are substances whose small concentrations
prevent the corrosion of the alloys by the corrosive
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media. The molecular structure of the most popular
corrosion inhibitors contains S, N, O, P atoms and
aromatic rings [16]. The experiments of the sand
adsorption have shown that the tendency of the
corrosion inhibitors to adsorb on a sand substrate
depends on their chemical nature [17].

In this paper, 5-aminosalicylic acid (5-ASA) was
investigated as an inhibitor against under deposit
corrosion of X60 carbon steel in 3.5% NaCl solution
saturated with CO, by the techniques of Tafel
polarization and impedance spectroscopy. Also, the
relationship between inhibitive effect and molecular
structure of 5-ASA was established upon the electronic
properties of 5-ASA which were calculated by the DFT
approach

2. Experimental
2.1. Materials

S-aminosalicylic acid was supplied from Sigma
Aldrich. The working electrode used here is made of
carbon steel with a surface area of 1.0 cm’,

2.2. Methods

10 g of the acid-washed silica sand (SiO,) was used in
all experiments. The working electrode (WE) was
located at the bottom of the test cell containing the
brine solution and suspended silica sand to provide the
sand-covered electrode (Figure 1). The corrosive
solution was CO, saturated 3.5 % NaCl solution. The
solutions under stagnant conditions were employed for
the measurements.

The potentiodynamic polarization and impedance
measurements were used to investigate the corrosion
rate of carbon steel in the CO, saturated 3.5 % sodium
chloride solutions both in the absence and presence of
different amounts of 5-ASA. Before performing the
tests, the surface of the sample was rubbed with wet
sandpapers through different grades then washed with
distilled water and at last dried in air. The sample, as
the working electrode, was sealed by epoxy resin at
one side after connecting a copper wire to it.

An Autolab 302N potentiostat equipped with Nova
1.9 software was used for potentiodynamic polarization
and EIS tests. The counter electrode (CE) was prepared
from a platinum rod and the reference electrode was a
saturated (KC1) Ag/AgCl electrode. The electrochemical
test order was EIS and afterward the polarization
technique. Before performing the tests, the specimens
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were soaked in the solution for about 30 min to stabilize
the open circuit potential (OCP).

For the EIS tests, a sinusoidal potential signal of 10
mV (vs OCP) was used in the frequency range of 100
kHz-10 mHz. Nova 1.9 software was employed for
both analyzing the Nyquist plots of EIS data and
determining the polarization parameters arising from
Tafel curves.

3. Results and Discussion

3.1. Polarization measurements

Figure 2 shows the Tafel plots of carbon steel exposed
to CO, saturated NaCl solutions containing different
amounts of 5-ASA. Table 1 lists the current density
(icorr), the Tafel slopes (B, Pe) and corrosion potential
(Ecor)-

Working electrode

i E
Counter electrode/‘_/;l E4s
e e

> 810,

Figure 1: Schematic diagram of the set up of the
experiment.
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Figure 2: Polarization curves of carbon steel in CO»
saturated brine solution with different concentrations of
5-ASA at 25 °C.
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As it is clear from Figure 2, the anodic current
density was found to decrease significantly after the
addition of inhibitor, while the cathodic current density
changed slightly after the inhibitor addition. Besides, it
can be seen that the potential of corrosion changed to
more positive values in the presence of inhibitor.
Generally, the corrosion inhibitor will be considered as
the cathodic or anodic type if the change in the absolute
value of E,, is more than 85 mV with respect to E.,,, of
the blank solution, and if the shift is less than 85 mV, the
inhibitor can be classified as a mixed type [18-20]. In the
present work, the maximum change in equilibrium
corrosion potential was +98 mV, suggesting that the 5-
ASA can be known as an anodic inhibitor. This result is
consistent with the above result that the anodic current
density of the steel electrode in CO, saturated brine
solution is significantly reduced by the addition of the
inhibitor.

Table 1 shows the inhibition efficiency (IE) values
expressed by the following equation (Eq. 1) [21]:

'

IE p (%) = 2corr —teorr 109 (1)

lcorr

where 1 and [ __are current densities of

corrosion in the blank and the inhibited solutions,
respectively. The IEp values increased with increasing
the 5-ASA concentration and reached the maximum
value for 600 ppm of 5-ASA. These values indicate
that the 5-ASA acts as an effective inhibitor for
preventing the under deposit corrosion of carbon steel
at relatively low concentrations.

The surface coverage, 6, can be calculated by
0=1E(%)/100. As shown in Figure 3, an attempt was

made to test the Langmuir, Temkin and Frumkin
isotherms having the following relationships (Eq. 2-4):

C 1 .

—=C+— (L 2

) e (Langmuir) 2)

InC=-InK+af (Temkin) 3)

In—Y— —In K + a6 (Frumkin) )
c(-0)

where 0 is the surface coverage, C is the inhibitor
concentration, K is the adsorption equilibrium constant
and a is the molecular interaction constant, a constant
expressing the interaction between adsorbed and
adsorbing molecules.

The best results were found for Langmuir isotherm
(Figure 4). As can be seen in Figure 4, the plot of C/0
vs. C for the inhibitor is a linear plot with the
correlation coefficient and slope close to 1, confirming
the best fit of the polarization data to the Langmuir
isotherm.

3.2. Impedance measurements

The results of EIS measurements for carbon steel
exposed to CO, saturated brine solutions containing
different amounts of 5-ASA are shown in Figure 5. The
investigated electrochemical system has resistive and
capacitive elements since the Nyquist plots are in the
form of semi-circles. According to the Nyquist plots,
the charge transfer resistance (R.) increased with 5-
ASA amount and reached its maximum value for 600
ppm of 5-ASA in the carbon dioxide saturated NaCl
solution.

Table 1: Polarization parameters and the corresponding inhibition efficiencies for carbon steel in 3.5% NaCl solution
saturated with CO; in the absence and presence of different concentrations of 5-ASA at 25 °C.

C /ppm [i.‘,/m\’.decade'1 [ic/mV.decade'1 1Ep(%)
0 45 744 103 956 -

100 18.2 752
200 12.9 648
300 6.7 686
400 5.1 656
500 3.8 652
600 2.9 646

68
51
72
70
71
61

514 59.6
335 71.3
215 85.1
174 88.7
329 91.6
253 93.6
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Figure 3: Adsorption isotherms of the inhibitor calculated by Tafel polarization data for carbon steel in 3.5 % NaCl
solution saturated with CO; (a) Langmuir (b) Temkin and (c) Frumkin.
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Figure 4: Langmuir adsorption isotherm of the inhibitor calculated by Tafel polarization data for carbon steel in 3.5 %
NaCl solution saturated with CO>; (a) concentration in ppm and (b) concentration in mM.
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Figure 5: Nyquist plots for carbon steel in 3.5% NaCl solution saturated with CO; in the absence and presence of
different concentrations of 5-ASA at 25 °C.

For investigating the details of electrochemical
reactions occurring at the electrode/solution interface,
Randless equivalent circuit was employed to fit the EIS
results. A resistance of charge transfer (R.) and a
constant phase element (Qg) were used in parallel to
represent the corrosion process. The impedance value
(Zq) of Qq element can be determined by the following
equation (Eq. 5) [22]:

1

Zg= (5

Yo 2nf )"

where Y is the Q constant, n is the exponent of Q
element and f is frequency. Table 2 lists the parameters
resulted from fitting of Nyquist spectra to the proposed
equivalent circuit.

It is evident from Table 2 that the increase of the 5-
ASA concentration up to 600 ppm led to an increase in
the R values. This condition is due to the increased

coverage of the steel surface by the 5-ASA, which can
lead to decrease the aggressiveness of the CO,
saturated brine solution. The IE % values in Table 2
were computed using the equation 6:

'

1Eys(%) = R =Ret 109

ct

(6)

Where R and R, are the resistances of charge

transfer for carbon steel in the CO, saturated brine
solution before and after the addition of the 5-ASA,
respectively. The increase of the 5-ASA concentration
up to 600 ppm led to an increase in the IE values. The
impedance IE % values (Table 2) are completely
consistent with the polarization IE % values and
confirm each other (Table 1). The isotherms of
Langmuir, Frumkin, and Temkin were used for fitting
data (Figure 6).

Table 2: Impedance parameters and the corresponding inhibition efficiencies for carbon steel in 3.5% NaCl solution
saturated with CO; in the absence and presence of different concentrations of 5-ASA at 25°C.

C /ppm Ry/kQ.cm? “ 10° Y/Q.cm? | TEgis(%)
0 206 -

10.0 0.48 0.839
100 11.0 1.10 0.875 84 56.4
200 11.3 2.02 0.815 89 76.2
300 13.1 2.77 0.893 66 82.7
400 9.0 3.24 0.917 56 85.2
500 13.1 4.72 0.870 95 89.8
600 10.9 5.65 0.831 90 91.5

Prog. Color Colorants Coat. 15 (2022), 97-109 101



H. Movahedinia et.al.

4.5 %
i ¥=0.9662x +0.4958 :
R?=0.9992 y=0.7247x +0.2851
3.5 11 R?=0.6925 *
3 A
£ 309 - .
=25 =
< o
e 2 S 03 |
O E 0.8 *
1.5
a
1 @ ] )
0.5
0.6
0 T T T T 0.5 0.6 0.7 0.8 0.9 1
0 1 2 3 4 0
C (mM
(mM) o
0.5 0.6 0.7 0.8 0.9 ] |
15
¥=5.0325x-3.3707 -
R?=0.9615

InC

(©)

Figure 6: Adsorption isotherms of the inhibitor calculated by EIS data for carbon steel in 3.5 % NaCl solution saturated
with CO- (a) Langmuir (b) Temkin and (c) Frumkin.
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Figure 7: Langmuir adsorption isotherm of the inhibitor calculated by EIS data for carbon steel in 3.5 % NaCl solution
saturated with COg; (a) concentration in ppm and (b) concentration in mM.

As can be seen from Figure 7, the EIS results
confirmed that the adsorption of 5-ASA molecules can
be fitted well to the Langmuir isotherm because both the
regression parameter and the slope values are notably
close to 1.
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3.3. The effect of temperature

Polarization measurements in the range of 25 to 55°C
were used to determine the activation energy (E,) and
some thermodynamic quantities for the carbon steel

CO, saturated solution

corrosion in the brine
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containing 600 ppm 5-ASA. The Tafel curves for
carbon steel exposed to the carbon dioxide saturated
brine solutions in the blank solution and 600 ppm 5-
ASA concentration are demonstrated in Figure 8.

Table 3 lists the corrosion factors obtained at
various temperatures. It is evident from the polarization
results that with an increase in temperature, a decrease
in IE % has happened. A slight change in the IE values
(less than 10%) with the rise of temperature from 25 to
55 °C proves the strong adsorption bonding of 5-ASA
that
physisorption, the chemisorption of 5-ASA should also

on the steel surface. It means besides

be involved.
Arrhenius equation can express the temperature

influence on the corrosion rate according to equation 7:

-E
o = A 4 7
= et )

where i, is the corrosion current, A 1is the
Arrhenius pre-exponential factor, E, is the energy of
activation, T is temperature (K), and R is the molar gas
constant (8.314 J K 'mol ™). E, values can be obtained
from the slope (-E,/R) of the Arrhenius plot [Inig,Vvs

1/T).

Figure 9 shows the Arrhenius plots for carbon

steel electrode in 3.5 % NaCl solutions saturated with
CO; in the absence (blank) and the presence of 5-ASA.

Table 3: Effect of temperature on the corrosion parameters of carbon steel in 3.5 % NaCl solution saturated with CO>
containing 600 ppm 5-ASA at 25 °C.
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Figure 8: Effect of temperature on the polarization curves in 3.5 % NaCl solutions saturated with CO; (a) without inhibitor
and (b) in the presence of 600 ppm 5-ASA.

Prog. Color Colorants Coat. 15 (2022), 97-109 103



H. Movahedinia et.al.

Ini corr/pA.cm2
w

y=-3.261x +14.746

R*=0.9988
4 \\\

y=-6.2266x+21.933
1 R*=0.9983

4 Blank

® Inh

3 3.05 3.1

3.25 3.3 3.35 3.4

1000/T (K1)

Figure 9: Arrhenius plots for carbon steel in 3.5 % NaCl solution saturated with CO- in the absence and presence of 600

According to the slopes of the Arrhenius plots, it
was revealed that the calculated E, value in the
presence of 5-ASA was larger than that in the absence
of 5-ASA (51.8 kJ/mol vs 27.1 kJ/mol). Therefore, the
rate of under deposit corrosion of carbon steel in the
brine CO, saturated solutions decreased by 5-ASA.

The following equation can be employed for
calculation of the Gibbs energy of inhibitor adsorption

(AG,gs) on the carbon steel (Eq. 8):
AG s =—RTIn(55.5K 4 )

where T is the temperature (K), R is the gas
constant and K, is the adsorption equilibrium
constant. The reciprocal of the intercept of the isotherm
line is equal to the equilibrium constant of adsorption
(Figure 4). The values of K, and AG, are
summarized in Table 4. Generally, if AG,q values are
more positive than —20 kJ/mol, it can be said that
physical adsorption has occurred and if AG,ys values
are more negative than —40 kJ mol™, it can be said that
chemical adsorption has occurred. Therefore, it can be
concluded from the obtained value for AG,g that the
adsorption of 5-ASA is not solely chemisorption or
physisorption but involving comprehensive adsorption

(both chemical and physical).

The adsorption enthalpy, AH,4, can be computed

by the equation 9 [23]:
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ppm 5-ASA.

In 4 =1nA+lnC—M 9
1-6 RT

Table 4: The values of Kags and AGags corresponding to
polarization and EIS data in 3.5 % NaCl solution
saturated with COx.

I<ads A(}ads I<ads A(}ads

Inh 0 1 =i -1
MY &mol) M) (kJ.mol™)

5-ASA 1905 -28.7 2017 -28.8

where 0 is the surface coverage calculated from
0=IE(%)/100, A is a constant, C is the inhibitor
concentration, R is the gas constant, and T is
temperature. A straight line is obtained from the plot of
In(6/(1-0)) versus 1/T at the constant amount of the 5-
ASA as shown in Figure 10. The line slope is equal to -
AH,4/R. The calculated value of AH,4 for inhibitor
adsorption is gathered in Table 5. The exothermic
adsorption behavior of the 5-ASA on the steel surface
can be understood from the negative value of AH,g;.

The following equation was employed to calculate
the adsorption entropy (AS,4s) (Eq. 10):

AG gy =AH 435 —TAS ;g (10)
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The obtained values for AS,4 are shown in Table 5.
For accounting the positive values of AS,, it should be
noticed that the adsorption of the 5-ASA molecules on
the carbon steel surface is accompanied by desorption of
water molecules from the surface. Thus, while the
adsorption process for the 5-ASA is associated with a
decrease in entropy of the solute, the opposite is true for
the solvent. The thermodynamic values obtained are the
algebraic sum of the adsorption of organic molecules
and desorption of water molecules. Hence, the gain in
entropy is attributed to the increase in solvent entropy.

3.4. Theoretical study

To understand the interaction of 5-ASA with carbon
steel, quantum chemical calculations were carried out
using the methodology of Hartree-Fock (HF) in the gas
phase and the density functional theory (DFT) method
in the aqueous phase.

Generally, the adsorption of an organic inhibitor
molecule on a metal surface is reported to occur based
on donor-acceptor interactions between the m-electrons
of the organic inhibitor and the orbital of the metal
surface atom [24]. Thus, the energies of HOMO and
LUMO of the inhibitor molecule are very important in
discussing its interaction with a metal surface. The

2.6

vacant orbital of Fe atom can interact with the HOMO
of the inhibitor, while, the 4s orbital of Fe atom
interacts with the LUMO of the inhibitor atom. The
inhibitor molecule with more energy of HOMO (less
negative) tends to be more donating and that with the
lower energy of LUMO (more negative) tends to be
more accepting. Therefore, the inhibition efficiency
will be increased by increasing the HOMO energy (less
negative) and decreasing LUMO energy (more
negative). Furthermore, with decreasing the energy gap
(AE) between HOMO and LUMO, the interactions
between the inhibitor molecule and metal atom become
stronger and the inhibition efficiency will be increased
[25]. The quantum chemical parameters in both the gas
phase and aqueous phase are presented in Table 6.

As it can be seen from the quantum chemical
parameters given in Table 7, 5-ASA has a higher
Enomo, @ lower Eypomo, a lower energy gap, and a
higher dipole moment than some inhibitors earlier
reported as good corrosion inhibitors [25-28].

It has been reported that the increasing values of
dipole moment facilitate adsorption and increase the
inhibition efficiency. Meanwhile, several irregularities can
be observed in the case of correlation of dipole moment
with inhibition efficiency in the literature [25, 29].

2.4

2.2

N

In(0/(1-0))
%

¥=2.6448x-6.4991
R2=0.997

3 3.05 31

3.1§ 3.2

1000/T (K 1)

3.2 33

335 34

Figure 10: Plot of In (6/1-8) vs. 1/T for carbon steel 3.5 % NaCl solution saturated with CO» containing 600 ppm 5-ASA.
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Table 5: Activation and thermodynamic parameters of adsorption obtained by potentiodynamic polarization
measurements for carbon steel in 3.5 % NaCl solution saturated with CO; in the absence and presence of 600 ppm 5-
ASA at 25 °C.

Sample '“'s
(kJ mol o™

Blank 27.1

5-ASA 51.8 1905

AHads Asads

(kJ.mol™) | J.K". mol™)

-22.0 22.5

Table 6: The calculated quantum chemical parameters for 5-ASA.

Gas phase

Aqueous phase DFT

4.530 13.500 3.419

-0.729 6.499 4.782

Table 7: Comparison of quantum chemical parameters of 5-ASA inhibitor with some corrosion inhibitors earlier reported.

Aminotriazole -10.395
Triazole -9.309
Benzotriazole -8.433
2,3-diaminonaphthalene -8.16
C-1* -9.645
c-2° -9.295
Ketoprofen -10.86
5-ASA -7.228

[a] dibenzo-bis-imino crown ether
[b] dibenzo-diaza crown ether

Figures 11 and 12 show the optimized structures
and Frontier orbital energy distributions of the HOMO
and LUMO for 5-ASA obtained in the gas phase and
aqueous phase, respectively.

The reactive ability of the inhibitor is closely
related to the Frontier molecular orbitals (HOMO and
LUMO). As seen in Figure 11, the electronic
distributions of HOMO and LUMO obtained from the
gas phase are mostly located on the aromatic ring of 5-

106 Prog. Color Colorants Coat. 15 (2022), 97-109

0.438 10.833
0.106 9415 2.9 [25]
-0.571 7862 3.8 [25]
0.14 802 29 [26]
-0.165 9480 0.803  [27]
0.222 9.517  1.32 [27]
-0.21 1065 2075  [28]
-0.729 6499 4782 This work

ASA. It can be seen from Figure 12 that in the aqueous
phase the HOMOs of 5-ASA are largely delocalized
over the C5 and C6 atoms of the aromatic ring, while
the electronic distributions of the LUMO are notably
located on the carbonyl group. These results prove that
the most active sites of 5-ASA are probably located
around these regions. The above mentioned FTIR
results are in agreement with the quantum chemical
results obtained from the aqueous phase.
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HOMO

LUMO

Figure 11: The optimized molecular structure, HOMO
and LUMO for 5-ASA using HF in gas phase.

4. Conclusion

5-ASA was employed as an inhibitor for under deposit
corrosion protection of carbon steel in CO, saturated
NaCl solution. Tafel polarization curves showed that
the 5-ASA reduced the corrosion of carbon steel.
According to EIS measurements, the corrosion
inhibition was caused by an increase in the charge
transfer resistance at the steel-solution interface. The
data acquired from the Tafel and the impedance
measurements indicated that the adsorption of 5-ASA
on carbon steel in brine solution saturated with CO,
follows the Langmuir isotherm. The Tafel polarization

LUMO

Figure 12: The optimized molecular structure, HOMO
and LUMO for 5-ASA using DFT in aqueous phase.

experiments at different temperatures suggested that 5-
ASA can effectively minimize the corrosion effects of
solutions on the alloy surface. The reason for the
inhibition of alloy by 5-ASA was due to the adsorption
of 5-ASA molecules on the alloy surface which was
also evidenced by Langmuir isotherm study. The IE
and AG,y values obtained from the Tafel method
showed acceptable compatibility with the data acquired
from the EIS technique. The relationship between
inhibitive effect and molecular structure of 5-ASA was
established upon the electronic properties of 5-ASA
which were calculated by the DFT approach.

Prog. Color Colorants Coat. 15 (2022), 97-109 107
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