:n
A4

Heoo®06

http://pubs.acs.org/journal/acsodf

Inhibition Mechanism of Some Vinylalkylimidazolium-Based
Polymeric lonic Liquids against Acid Corrosion of APl 5L X60 Steel:
Electrochemical and Surface Studies

Giselle Gomez-Sanchez, Octavio Olivares-Xometl,* Natalya V. Likhanova, Paulina Arellanes-Lozada,*
Irina V. Lijanova, Victor Diaz-Jiménez, Diego Guzmdn-Lucero, and Janette Arriola-Morales

I: I Read Online

Article Recommendations |

Cite This: ACS Omega 2022, 7, 37807-37824

ACCESS | [ihl Metrics & More ’ Q Supporting Information

ABSTRACT: A corrosion inhibition mechanism of API SL X60 o
steel exposed to 1.0 M H,SO, was proposed from the evaluation of & g2 @0 @ o
three vinylalkylimidazolium poly(ionic liquids) (PILs), employing  @o (0 Hp n x %o
electrochemical and surface analysis techniques. The synthesized ¥ o° * kR & o sor
PILs were classified as mixed-type inhibitors whose surface @ _ : !

%0

adsorption was promoted mainly by bromide and imidazolate @ _ HO i
ions, which along with vinylimidazolium cations exerted a resistive
effect driven by a charge transfer process by means of a protective
PIL film with maximal efficiency of 85% at 175 ppm; the steel
surface displayed less surface damage due to the formation of
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metal—PIL complex compounds.

1. INTRODUCTION

Corrosion is a process that implies not just economic losses but
also potential risks that expose the safety of chemical processes
and, as a consequence, the integrity and equilibrium of human
and natural and environmental resources; for these reasons, its
in-advance control is of the utmost importance."” Particularly,
carbon steel is a material that is widely employed in industrial
complexes due to its many advantageous features, but
unfortunately, it is easily damaged by the corrosion phenom-
enon. Its decay is promoted by its being in contact with corrosive
solutions through acid cleaning, pickling of metallic samples, or
acidification processes for enhancing oil production.” In this
context, effective strategies for controlling and mitigating the
corrosion of carbon-steel-based systems are required; to this
end, the application of corrosion inhibitors (Cls) has stood out
as one of the most economic and efficient methods aimed at
fighting this problematic situation.” Cls work by diminishing the
corrosion process suffered by a metallic substrate in a given
medium.’

As for film-forming ClIs, they work through physisorption,
chemisorption, or physisorption—chemisorption processes on a
metallic surface, thus decreasing its interaction with the
aggressive medium.® Different research works have reported
that organic CIs have proven to be eftective for this purpose due
to the presence of heteroatoms with high electron density (N, S,
O, P) with unpaired and 7 electrons that interact, mainly, with
the vacant Fe d orbital.” "' Likewise, it has been found that Cls
with heterocyclic aromatic groups such as imidazole, pyridine,
pyrrolidone, and thiazole, among others, have turned out to be
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efficient against corrosion because of their polar functional
groups like primary amines (NH,), secondary amines (NH),
and carbonyl groups (C=0) whose double bonds improve the
interaction with the metallic surface."”

Recently, poly(ionic liquids) (PILs) have become especially
interesting due to their functionality as ion-conducting electro-
lytes,"” being useful in different fields such as analytic chemistry,
biotechnology, and energy and environmental applications. The
outstanding potential of PILs has allowed the development of
new ion types stemming from ionic liquids (ILs) because of the
possibility of selecting polymeric segments that enrich their
properties." ' According to reported results, PILs can be
employed as Cls in acidic media.”'® As for the ionic feature of
PILs, it depends on the chemical nature of both the polymeric
structure and counterion. It is worth emphasizing that
imidazolium cations possess the highest ionic conductivities in
comparison with those of pyrrolinium, pyrrolidonium, tetraal-
kylammonium, and piperidinium.'” Regarding halide anions,
tetrafluoroborate, sulfonates, or hexafluorophosphate, they also
present high ionic activities."® It has been found that CIs with
halide ions (CI7, Br~, I") are capable of inhibiting the steel acid
corrosion because they trigger a synergistic effect between the
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Table 1. Chemical Structures of PILs Evaluated as Cls
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Poly (1-butyl-3-
vinylimidazolium)
imidazolate,
Poly [VIMC4][Im]

Poly [VIMC2][Br]

Poly (acrylamide-N-vinylpyrrolidone-1- | Poly (acrylamide-N-vinylpyrrolidone-1-
ethyl-3-vinylimidazolium bromide), butyl-3-vinylimidazolium bromide),

Poly [VIMC4][Br]

halide ions and inhibiting molecules by forming bridges between
the positively charged metal surface and the cation of the
inhibiting molecule, thus improving the covering of the steel
surface by means of the cation—anion pair interaction.'” One of
the disadvantages of employing ILs as Cls is that they display
unfavorable transport properties due to their miscibility with the
medium; for this reason, PILs are considered as more suitable
than their monomers alone because their polymeric nature
provides high performance in saline media, high thermal and
shear stress stability, and high resistance to strong acids.””*" In
addition, they present self-assembly properties and mechanical
stability in aqueous media; likewise, they possess multiple
adsorption centers that ease their adhesion on the metallic
surface by occupying a higher surface area due to their high
molecular weight, which contributes to the protection of the
material before aggressive agents.”” The most commonly
employed polymeric Cls are derived from polyamines and
polyvinylamides, polyaspartates, polyamino acids, polycarbox-
ylates, and polysulfides, among others.”* Umoren et al. evaluated
polymers with polyvinylpyrrolidone and polyacrylamide in
sulfuric acid at temperatures ranging from 30 to 60 °C and
reported that these compounds were more efficient at low
temperatures through physical adsorption from their O and N
heteroatoms as the main adsorption centers. In acidic medium,
they can be protonated through the carbonyl group to form a
polycation in the PIL.** Likewise, Khairou et al. found that the
hydroxy and carboxyl groups present in sodium polyacrylate and
polyacrylamide contributed positively to their efficiency as Cls,
concluding that these compounds possess hydrophilic proper-
ties and participate in slowing the anodic dissolution process.
In contrast, Kamali et al. performed the study of poly (3-butyl-1-
vinylimidazolium bromide), suggesting that the adsorption of
the PIL molecules modified the electric double layer on the steel
surface in HCI by blocking anodic sites in the metal—solution
interface; thus, a spontaneous adsorption process took place by
electrostatic forces between the PIL and metal surface,
modifying the hydrogen evolution mechanism.”® It is worth
mentioning that some PILs have also been evaluated in other
corrosive media as reported by Likhanova et al. in their study of
PILs derived from alkylimidazolium and imidazolate in
production water. The authors suggest that the compounds
were adsorbed on the metal surface due to their high molecular
weight and orientation of the lateral alkyl groups in the PIL
cations, creating hydrophobic interactions that diminished the
diffusion process of water molecules and/or corrosive ions
toward the metal surface.”’
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In the present work, three PILs with different IL species
(Table 1) were evaluated in the corrosion inhibition of API SL
X60 steel in 1 M H,SO,: poly(1-butyl-3-vinylimidazolium)
imidazolate (poly[VIMC4][Im]), poly(acrylamide-N-vinylpyr-
rolidone-1-ethyl-3-vinylimidazolium bromide) (poly[VIMC2]-
[Br]), and poly(acrylamide-N-vinylpyrrolidone-1-butyl-3-vinyl-
imidazolium bromide) (poly[VIMC4][Br]). The inhibition
efficiency was studied from electrochemical techniques like
linear polarization resistance (LPR), potentiodynamic polar-
ization (PDP), and electrochemical impedance spectroscopy
(EIS); surface analyses such as scanning electron microscopy
(SEM) and X-ray photoelectron spectroscopy (XPS) were also
carried out to elicit a mechanism describing the corrosion
inhibition mechanism of steel exposed to an acid medium in the
presence of PILs.

2. RESULTS AND DISCUSSION

2.1. Electrochemical Behavior. Figure 1 shows the open-
circuit potential values (Egcp) of API SL X60 steel in 1 M H,SO,
in the absence and presence of different PIL concentrations. It
can be observed that as the CI concentration increases the Eqcp
values are slightly displaced toward more positive values, in
contrast with the blank value, which is associated with the
formation of an inhibitor film on the metal surface. The PILs
showed Egp in different intervals from 445 to 462 mV for
poly[VIMC4][IM], from 450 to 455 mV for poly[ VIMC2][Br],
and from 451 to 458 mV for poly[VIMC4][Br]. The Eycp
stability of API SL X60 steel in 1 M H,SO, in the absence and
presence of PILs was observed after 600 s.

The Rp behavior pattern in the presence of PILs obtained by
LPR is shown in Figure 2. It was found that as the inhibitor
concentration (Cpyy) was increased the current density (i) vs
overpotential (77) slopes diminished, which implies higher Rp
and suggests that the inhibition process on the steel surface
occurred through the adsorption of PIL molecules.”””” This
effect is also shown in Figure 3 from the PDP behavior with
respect to log i and Cyyy. The decrease of log i with Cy
indicates that the PILs worked as Cls, yielding values below 175
ppm of poly[VIMC4][Im], poly[VIMC2][Br], and poly-
[VIMC4][Br]. Notwithstanding, these changes were minimal
at Ciyy = 100 ppm. These results confirm that the addition of
PILs to 1 M H,SO, at 25 °C exerts a protection effect on the
metal surface by diminishing the corrosion rate (v.,) of API SL
X60 steel; in other words, the use of PILs retarded the hydrogen
evolution reactions and iron dissolution.”

https://doi.org/10.1021/acsomega.2c04787
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1 Table 2 shows the LPR and PDP electrochemical parameters
0464 for API SL X60 steel exposed to 1 M H,SO, and PILs. The Rp
o 47_' values were obtained with the reciprocal value of the i vs 5
o slopes; regarding the PDP parameters, the intersection of the
2048 4 Eocp values with the linear extrapolation of the cathodic
~ branches was used.”” The Rp increase and i,
% -0.45 presence of Cls are associated with the formation of a film of
é) adsorbed PIL molecules that limited the interaction between the
< 046 metal surface and medium corrosive ions such as hydronium
; 1 (H;0%), sulfate (SO37), and the water molecule, thus favoring
4 0474 the diminution of v, of API SL X60 steel.** It can also be
r.u8 observed that the cathodic slopes (.) do not show a defined
-0.48 Poly [VIMC2][Br] behavior pattern with respect to Ciyy. As discussed previously,
this parameter is associated with the delay of the hydrogen
-0.44 . . 39
| generation in the cathodic zone.
-0.45 4 The obtained IE values for LPR and PDP were directly
1 proportional to Ciyy and fell within the interval ranging from 41
-0.467 to 85%. The PILs poly[VIMC4][Im], poly[VIMC2][Br], and
047 4 poly[VIMC4][Br] reached IE,,, values of 77, 84, and 85% at
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-048 1 Poly [VIMCA4][Im] significant variation of IE (<10%) as a function of Cpyy; from 100
o 200 400 600 800 1000 1200 ppm, which was attributed to the surface saturation with PIL
Time (s) molecules, thus limiting the adsorption process.

Figure 1. Eqcp plots as functions of time of API SL X60 steel in 1 M
H,SO, in the absence and presence of PILs.

The plots also show the displacement of the corrosion
potential (AE_,,) in the presence of PILs in an acid medium
with respect to the blank; it is observed that at higher Cpyyy there
is an effect on the E_,,, of the steel surface whose computation is
defined by eq 1,>" where the potentials are considered in the

presence (E= ) and absence (E,,,) of Cls:

inh 0
AEcorr = Ecgrr = Eon (1)
The AE_,,, results obtained for the evaluated systems were the

following: poly[VIMC4][Im] from 8 to 25 mV, poly[ VIMC2]-
[Br] from 15 to 20 mV, and poly[VIMC4][Br] from 11 to 18
mV. According to the literature, the AE_,, values correspond to
the behavior of mixed-type ClIs; this statement was supported by
the presence of displacements below + 85 mV with respect to
the blank™ and anodic preference for AE,,, positive values,
which is associated with a higher contribution of bromide [Br~]
or imidazolate [Im~] anions to the adsorption process. The CI
mixed-type behavior indicates that the PILs can retard both
cathodic and anodic reactions by blocking the active sites on the
metal surface.*

As for the anodic branches of the PDP plots (Figure 3), it can
be observed that they do not feature the required linearity for
calculating the anodic slope (f,), which is related to the
reorientation of the cation heteroatoms from the IL species
present in the polymeric structure and/or to the formation of
corrosion products on the steel surface such as iron sulfates and/
or iron oxyhydroxides.”"*> In contrast, the cathodic branches
display the typical linear Tafel pattern, which indicates that the
hydrogen evolution was controlled by activation through
cationic species (vinyl alkylimidazolium) or by amide functional
groups (pyrrolidone and/or acrylamide) that were adsorbed on
the steel cathodic sites, thus inhibiting the corrosion reaction.

The Nyquist and Bode diagrams of API SL X60 steel in 1 M
H,S0, in the presence and absence of PILs at 25 °C are shown
in Figure 4. The Nyquist spectra (Figure 4a—c) display the
impedance results (Z = Z' + jZ”) formed by the real (Z') and
imaginary (—Z") parts, where depreciated semicircles with
center below the real axis and consisting of a capacitive loop that
becomes outstanding at high frequencies can be distinguished;
these facts indicate that the steel corrosion was controlled by a
charge transfer process. In the presence of CI, it is observed that
the diameter in Z’' was increased with respect to the blank.
Additionally, a small inductive loop is present at low
frequencies,” which can be attributed to the surface
heterogeneous nature promoted by the acid corrosion and
impurities present in the metal sample. This characteristic is also
associated with adsorption or desorption processes of species
coming from the H,SO,(,q)—PIL system.*!

The addition of CIs to the acid medium modified the steel
impedance through the increase of Z’ at low frequencies, which
is represented by the diameter growth of the semicircles with the
increase in Cpyy. This fact suggests that the amount of PIL
molecules present in the corrosive solution is directly propor-
tional to the impedance of the steel sample. Such an effect is also
related to a higher resistance of charge transfer in the metal—
solution interphase due to the adsorption of CI molecules that
limited the migration of H;O* and SO}~ ions toward the metallic
interphase.*”

In contrast, the Bode diagrams (Figures 4d—f) present a
double axis consisting of the impedance module |Z| and the
phase angle ¢, both variables as functions of the frequency f. The
plots show a displacement toward higher IZ| values in the
presence of PILs with respect to the blank, which suggests that
the evaluated ClIs retarded the redox reactions of the corrosion
process of API SL X60 steel in an acid medium.*

The behavior of fin the absence and presence of the PILs was
as follows: at low f values (from 107" to 10" Hz), it is observed
that |Z| presented an approximate increase from 20 to 200 € cm?

https://doi.org/10.1021/acsomega.2c04787
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Figure 2. LPR behavior of API SL X60 steel in 1 M H,SO, in the presence of (a) poly[VIMC4][Im], (b) poly[VIMC2][Br], and (c)

poly[VIMC4][Br] at 25 °C.

with respect to the blank; this fact suggests the occurrence of
charge transfer, mass transfer, or surface relaxation processes
associated with the adsorption of the CIs.** In the region of
intermediate f (from 10" to 10° Hz), a significant |Z| linear decay
in the presence of PILs with respect to the blank and the
formation of an ¢, of 70° at high Cyyy were observed, which
confirmed that the film formed on the surface is related to the
charge transfer resistance and capacitance of the electric double
layer.*>*® Finally, in the high f region (from 10° to 10° Hz),
constant |Z| values in the presence and absence of Cls are
observed, which can be related to the solution resistance. It is
worth mentioning that in this region the formation of a time
constant also took place.*”

The variations with respect to the blank, observed in the EIS
spectra, display the charge transfer process between the metal
surface and the acid—PIL system, which is associated mainly
with the steel anodic dissolution process, exerting an inhibition
effect through the electric double layer in the presence of PILs,
thus diminishing the steel attack by H,SO,(aq).

The obtained EIS experimental data (Figure 4) were analyzed
by employing the equivalent electrical circuit (EEC) model from
Figure S, in order to properly describe the interfacial
phenomenon occurring between the steel and H,SO,—PIL
solution.”** The proposed EEC consists of the following
electrical elements: the element R, is the solution resistance,
determined by the intersection of the capacitive loop with Z’ at
high frequencies in the Nyquist plots; this electrical element

37810

describes the resistance that the WE opposes to the electrolytic
solution. The elements R, and CPEy represent the charge
transfer process in the metal—solution interface. The first one is
the charge transfer resistance, and the second one refers to the
capacitive element associated with the electric double layer. R},
and L are the inductive resistance and inductance, respectively.
These elements imply relaxation processes of the adsorbed
species coming from the CIs and H;O* and SO}~ ions in the acid
medium.*’R; and CPE; represent the resistance and capacitance
of the film formed on the steel surface consisting of corrosion
products and/or PIL molecules.

The electrochemical parameters obtained from the EEC
fitting are shown in Table 3. The R values grew with the
increasing Ciyy, indicating that the PIL molecules are adsorbed
on the steel surface, promoting a resistive effect that diminished
the charge transfer. In contrast, the Cy values diminished with
Ciny which was attributed to the decrease of the local dielectric
constant of the solution and/or to the thickness increase of the
electric double layer due to the displacement of water molecules
and corrosive ions adsorbed on the metal surface by CI
molecules.’ "'

The constant phase elements (CPEs) in an EEC are employed
to represent the nonideal capacitances of the EIS spectra as
observed in the depreciated circles (Figure 4). The impedance of
a CPE (Zpg) can be calculated from two parameters: the
proportional factor Y, and the exponent n. The latter is
associated with the surface irregularities produced by roughness,

https://doi.org/10.1021/acsomega.2c04787
ACS Omega 2022, 7, 37807—-37824
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Figure 3. PDP behavior of API SL X60 steel in 1 M H,SO, in the presence of (a) poly[VIMC4][Im], (b) poly[VIMC2][Br], and (c)

poly[VIMC4][Br] at 25 °C.

inhibitor adsorption, or the formation of porous layers. Z¢py is
defined by eq 2

—1.—n

Zepg = Yy j, 2)

where j is an imaginary number (—1)"% @ = 2af is the angular
frequency of the maximal value of the real impedance; and n
represents the behavior deviation of an ideal capacitance within
an interval of =1 < n < 1, where —1, 0, or 1 represents the CPE
as an inductor, resistor, or capacitor, respectively.sz’53 The
pseudocapacitance of a CPE is defined by eq 3:

C= (YoRl—n)l/n (3)

The n values reported in Table 3 were equal to 0.87 without CI
with a slight decrease in the presence of PILs (up to 0.81), thus
confirming a less heterogeneous surface with respect to the
blank and then with less surface damage. The low R; and C;
values do not show a significant change, which indicates that this
parameter does not contribute significantly to the analysis of the
PIL anticorrosive properties. The R; and L values were increased
with respect to the blank, which was due to the opposition to the
electric current change on the steel surface by means of the
adsorption of the species present in the acid—PIL medium and
that reflects itself in a higher resistance to the corrosion process
of the metal surface.”* The EIS polarization resistance (Rpgys) of

37811

the analyzed system was calculated by means of eq 4°*°° from
the resistive elements conforming the EEC. The R, values can be
neglected due to R, < R,

RchL

F Rct + RL (4)

It is observed that the Rpgg values were increased with Cpyy,
diminishing the charge transfer process and suggesting the
protection of the metal surface from the formed PIL film,
preventing the acid corrosion process. The IEg;g of the PILs
reported in Table 3 are consistent with the IE obtained by the
LPR and PDP techniques.

The averaged IE values from the LPR, PDP, and EIS
techniques for API 5L X60 steel exposed to 1 M H,SO, and as a
function of the concentration of PILs at 25 °C are shown in
Figure 6. Based on the obtained results, the IE,_, values were 76,
81, and 82% in the presence of 175 ppm of poly[ VIMC4][Im],
poly[VIMC2][Br], and poly[VIMC4][Br], respectively. The
PILs show an increase in their IEs from 4 to 10% from 100 to 200
ppm; however, the surface of API SL X60 steel in the presence of
poly[VIMC4][Im] was saturated from 100 ppmy; i.e., the surface
did not adsorb a higher number of PIL molecules when their
concentration was increased, which kept their efficiency without
a significant change. The same behavior pattern was observed
with poly[ VIMC2][Br] and poly[VIMC4][Br] from 175 ppm.

https://doi.org/10.1021/acsomega.2c04787
ACS Omega 2022, 7, 37807—-37824


https://pubs.acs.org/doi/10.1021/acsomega.2c04787?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04787?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04787?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04787?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 2. Electrochemical Parameters from the LPR and PDP of API SL X60 Steel in 1 M H,SO,—CIs at 25 °C.

Cinu Rp —p. e fcore Veorr IE; pr IEppp
CI ppm/mM Q cm? mV dec™ mV/Ag/AgCl UA cm™2 mm year ! %
blank 0/0 35+2 130 +3 470 + 4 548 + 24 6.36 + 2.84 -

poly[VIMC4][Im] 25/3.5 X 107 71+ 1 124+3 449 +2 241422 2.80 + 025 S1+1 S6+4
50/7.1 X 1075 80 + 4 127 £ 1 455 + 1 234 + 17 2.72 £ 0.20 56 +2 S7+3
75/1.1 X 107* 96 + 3 142 + 3 454 + 1 207 + 4 240 £ 0.05 64+ 1 62+1
100/1.4 X 107* 117 + 2 141 + 1 462 + 1 124 + 6 1.44 + 0.07 70+ 1 77+ 1
125/1.8 x 107* 131 +1 133 +£2 446 + 1 126 + 11 1.46 +0.13 73+1 77 £2
150/2.1 X 107* 137+ 8 136 + 4 451 +1 151 £ 10 1.75 £ 0.12 75+1 72+2
175/2.5 x 1074 142 +5 135 £2 445+1 125 + 16 145 +0.19 76 £ 1 773
200/2.8 X 107* 141 + 4 141 + 1 451 + 1 152+ 3 1.77 + 0.03 75+ 1 72+1
poly[VIMC2][Br] 25/4.1 x 107 59 +2 130 + 2 450 + 1 301 + 21 3.50 + 0.24 4142 46 + 4
50/8.1 X 1075 72+ 1 126 + 3 450+ 1 268 + 20 3.12 +£0.23 S2+1 S1+4
75/12 % 1074 91+S 124 + 1 450 + 1 193+ 9 224 £ 0.10 62 +2 65 +2
100/1.6 x 107* 132+ 6 125§ £ 1 454 + 1 142 + 10 1.65 + 0.11 74+ 1 74+2
125/2.0 x 107+ 134 £ 10 119 £2 454 +2 138 £ 1§ 1.60 + 0.17 74 +2 75+3
150/2.4 x 10~* 143 +1 118 + 1 455 +2 121+ 5 1.41 + 0.06 76 + 1 78 +1
175/2.8 x 107* 165 + 12 121 +£2 455 +1 90 +9 1.05 +0.11 79+ 1 84 +2

200/3.3 X 107* 144 + 18 120 +2 450 + 1 116 + 13 1.34 + 0.15 76 +3 79 +
poly[VIMC4][Br] 25/3.5 X 107 7341 12145 453 + 1 212 + 24 247 + 028 241 61 + 4

50/7.0 X 1075 98 +6 126 +2 456 + 1 190 + 14 221 +£0.16 64 +2 65 +

75/1.0 x 107* 101 +£3 128 + 6 456 + 2 183 + 25 2.13 +0.29 66 + 1 67 +
100/1.4 x 107™* 132+ 3 137 £ 1 455 + 1 138 + 8 1.61 + 0.10 74 + 1 75+1
125/1.7 x 107* 140 + 3 121 +1 456 + 2 116 + 5 1.34 + 0.06 75+ 1 79+ 1
150/2.1 X 107* 145 £ 1 123+ 1 458 + 1 105 +£3 1.22 + 0.04 76 + 1 81+1
175/2.4 x 107+ 178 £ 10 118 +2 458 +2 82+7 0.95 + 0.09 80+ 1 85+1
200/2.8 X 107* 139 + 16 115+ 9 451 +1 98 +9 1.14 + 0.10 75+2 82+2

According to the aforementioned, the corrosion inhibition
behavior displayed by the PILs occurred in the following order:
poly[VIMC4][Br] > poly[VIMC2][Br] > poly[VIMC4][Im].
This IE trend can be attributed to the adsorption of the different
functional groups possessed by each PIL. The IE of poly-
[VIMC4][Br] is associated with the amount of monomeric units
of 1-vinyl-3-butylimidazolium bromide, in addition to having
monomers with other functional groups such as vinyl-
pyrrolidone and acrylamide, for which, since they possess N
and O heteroatoms, a rich electron density that favors
adsorption through attraction forces toward the steel surface is
provided.”® The difference between the IE displayed by
poly[VIMC2][Br] and poly[VIMC4][Br] can be related to
the length of the alkyl group at N3 of the imidazolium ring that is
repeated in block m. It has been reported that the electrophilic
attack, associated with a loss of electrons, is a function of the
length of the alkyl chain: the increase in the alkyl chain in an
imidazole ring causes the reactivity with respect to an
electrophilic attack to diminish in the imidazole ring but to
increase in the alkyl chain.’” The extension of the ethyl chain to
butyl in the imidazole ring improves the IE because a longer alkyl
chain promotes higher electrophilic reactivity in the alkyl chain
region, which contributes to the attraction of the PIL toward the
steel surface (electron-rich zone).

From the electrochemical results, it can be inferred that the
efficiencies of poly[VIMC4][Im] were affected by the low
contribution of the diacrylamide block through its N atoms,
which could have limited the adsorption of the imidazolium ring,
thus provoking a partial protection of the metal surface. The
anodic displacements of AE_ indicate that the PIL adsorption
was promoted mainly by the carbonyl groups and imidazolate
ions.

37812

2.2. Adsorption Isotherm. CIs are capable of being
adsorbed on a given metal surface to form a protecting film
through the replacement of water molecules and/or corrosive
ions in the acid medium by CI molecules according to the
process shown in eq S:

Cl, + xHZOads - CIads + xHZOsol (5)

sol

The subscripts sol and ads refer to “in solution” and “adsorbed
on the surface”, respectively. The coefficient x represents the
number of water molecules replaced by CI molecules.””

The adsorption process of a CI can be explained by means of
the adsorption isotherms, which are theoretical mathematical
models that can be expressed in terms of the CI molar
concentration (Cpyy) and covered surface degree (), which
represents the surface fraction protected by the inhibiting action
of the PILs. The @ values were calculated with the average of the
IE; pp, IEppp, and IEgg values from eq 6:

_IE
100 (6)

In the present work, the Langmuir, Temkin, Frumkin,
Freundlich, and Flory— Huggins isotherms were used to fit
the PIL experimental data. These mathematical models are
shown in Table 4.>"%'

The adsorption process of the PILs poly[VIMC4][Im],
poly[VIMC2][Br], and poly[VIMC4][Br] on the steel surface
obeyed the Langmuir isotherm (Figure 7) whose correlation
coefficients (R*) were close to unity (0.992—0.995), as shown in
Table S. This model implies the formation of a CI monolayer on
the API SL X60 steel surface that reduces the active sites.’”

The adsorption equilibrium constant (K,4) represents the
adsorption—desorption force between the adsorbate (PILs) and
adsorbent species (API SL X60); it shows the equilibrium

https://doi.org/10.1021/acsomega.2c04787
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Figure 4. Electrochemical impedance spectra of API SL X60 steel in 1 M H,SO, with and without PILs at 25 °C: (a—c) Nyquist diagram and (d—f)

Bode diagram.

relationship between the Cpyy on the surface and solution
core,”® where high K4 values denote improved adsorption
efficiency of the CIs.** From Figure 7, the K, 4, were estimated by
the reciprocal of the y-intercept of the linear regression. The K4,
of the PILs poly[VIMC4][Im], poly[VIMC2][Br], and poly-
[VIMC4][Br] adsorbed on the steel surface in 1 M H,SO, at 25
°C arereported in Table S with values within the interval ranging
from 1.715 X 10* to 3.494 X 10* L mol™". These values suggest
that the PILs were more likely to be adsorbed on the metal
surface.”

37813

The adsorption process showed by the PILs is described by
the standard Gibbs energy of adsorption (AG°,,) whose
parameter suggests the adsorption type of the studied metal—
liquid system and is defined by eq 7°°

AG,° = —RT In(55.5K 4, (7)

where R s the ideal gas constant (8.314 X 10 kJ mol ' K™'); T
is the absolute temperature in K; and the constant S55.5
represents the water concentration in mol L.
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Figure 5. EEC for fitting the EIS experimental data of API SL X60 steel
in the presence and absence of CIs at 25 °C.

The literature considers three cases for the thermodynamic
parameter AG® q: (i) when it is greater than —20 kJ mol™!, it
refers to physical adsorption (physisorption) through electro-
static interactions between the PIL molecules and metal surface;
(ii) when it is less than —40 kJ mol™', it denotes chemical
adsorption (chemisorption), which implies the possible
formation of a coordinate bond between the PIL and metal
surface; and (iii) when it falls between —20 and —40 k] mol™/, a
combined process of physical and chemical adsorption is
considered.””®

Table S reports the AG®,4 results obtained for the PILs
poly[VIMC4][Im], poly[VIMC2][Br], and poly[ VIMC4][Br]
at 25 °C. The negative values of AG®, indicate that the
adsorption of the Cls was thermodynamically spontaneous®”
and suggest that a physicochemical adsorption process started
through electrostatic forces between the steel surface and N
heteroatoms present in the PILs such as vinylpyrrolidone,
acrylamide, vinyl alkylimidazolium [VIM*] cations, imidazolate
[Im~] anions, and bromides [Br~]. In addition, chemisorption-
coordinated complexes can be formed”” between the present IL
species like vinylalkylimidazolium bromide or vinylbutyl
imidazolium imidazolate and the vacant Fe d orbital on the
metal surface.

2.3. Surface Analysis. The surface morphology of API SL
X60 steel was examined by SEM. Figure 8 shows the
micrographs obtained from the blanks in the absence and
presence of the PILs after 4 h of immersion at 25 °C. Figure 8(a)
presents the attack of the steel surface after being exposed to 1 M
H,SO,. The microstructure of API SL X60 steel and irregular
morphology attributed to severe surface damage by corrosive
ions can be observed. Likewise, corrosion products deposited at
grain boundaries by the presence of H;O" and SO}~ ions in the
aqueous medium can be seen.

In contrast, in the presence of Cls (Figures 8b—d), a more
homogeneous morphology with less surface damage was
obtained. The latter evidences the behavior of poly[VIMC4]-
[Im], poly[VIMC2][Br], and poly[VIMC4][Br] as ClIs by the
formation of a protecting film on the API SL X60 steel surface,
which diminished the v_,,, by limiting the migration of corrosive
ions and water molecules toward the metal surface.

Table 6 shows the chemical composition and atomic percent
obtained by XPS of the API 5L X60 steel surface exposed to 1 M
H,SO, in the absence and presence of 175 ppm of PILs at 25 °C
and 4 h immersion. The elements Fe (2—14 at. %) and O (31—
69 at. %) were detected, which indicate the formation of
corrosion products such as iron oxides and oxyhydroxides, and
the S (3—15 at. %) signals suggest the formation of iron sulfates.
The N (2—4 at. %) and C (30—58 at. %) signals confirm the
adsorption of the CIs. The O atomic percent is also attributed to
the carbonyl groups (C=0) present in the PIL molecules. By

comparing the atomic percentage results of the sample exposed
to 1 M H,SO, in the absence and presence of PILs, reported in
Table 6, higher percentages of C can be observed for the samples
with CIs; furthermore, the absence of N and lower amount of S
on the metal surface are the result of the adsorption of
poly[VIMC4][Im], poly[VIMC2][Br], and poly[ VIMC4][Br]
on the steel surface, which blocked the attack of ions in the acid
medium.

The high-resolution elemental spectra of O 1s, Fe 2p, N 1s,
and C 1Is are shown in Figures 9—12. In the O 1s spectrum
(Figure 9), the following characteristic peaks are observed:
530.2, 531.8, and 532.9 eV. These peaks are related to oxides,
hydrated iron oxides, and iron sulfates, respectively. These
corrosion products deposited on the metal surface occurred due
to their interaction with O*~, OH~, and SO,>~ ions.”"~’* The
signal at 532.9 eV also suggests the presence of C=0 bonds.”
The localized Fe 2p;, and Fe 2p,,, peaks are shown in Figure
10. The Fe 2p;, signals were the following: the peak at 711.2 eV
characterizes Fe** (e.g,, FeSO,H,0), and the 713.5 and 714.2
eV signals correspond to the satellite peak of ferric compounds
Fe** (eg, Fe,0, Fe;0, and FeOOH).”'~”* The Fe 2p, ),
signals, which are Fe 2p; , doublets, were located at 719.2, 724.5,
and 727.4 eV. The bond energies of ~714 and ~727 eV and Fe**
satellite peak at ~719 eV confirm the presence of Fe;0,.”””” In
contrast, the energies of ~710 and ~724 eV confirm the
oxidation of the steel sample, promoting the Fe dissolution. As
for the corrosion product film deposited on the metal surface, it
was due to the attack of sulfate ions, water molecules, and
oxygen due to a postimmersion effect, which was confirmed by
the O 1s and Fe 2p spectra.”®

The N 1s spectrum of the sample evaluated in the presence of
PILs (Figure 11) reveals the presence of the >C=NH"— species
at 401.6—402.0 eV. These peaks are attributed to the presence of
the imidazolium ring of PILs.”*’*’* The N—H and/or N—Fe
bond(s) detected at 399.9 eV'***** s associated with the
presence of the amide group of the monomers in the three PILs
and/or N—Fe coordination bond(s), respectively. The charac-
teristic C 1s signals of the sample are observed in Figure 12. The
peak at 284.8 eV is related to adventitious carbon®® and is
characteristic of C—C/C—H/C=C bonds,”" whereas the signal
at 286.4 eV is associated with C-0O/C-N/C=N
bonds.”>”****® The C=0 bonds were detected with the signal
at 288.5 eV.**®” The previous C bonds are related to the
monomeric part and polymeric skeleton of the PILs. Based on
the signals localized in the N 1s and C 1s spectra, it can be stated
that the presence of C and N atoms on the metal surface is
related to the bonds present in the imidazolium ring, amide
group, and/or imidazolate of the Cls poly[VIMC4][Im],
poly[VIMC2][Br], and poly[VIMC4][Br] and suggests that
their adsorption process occurred mainly from the N
heteroatoms.

2.4. Inhibition Mechanism. The inhibition mechanism of
the PILs evaluated on the surface of API SL X60 steel is based on
the adsorption phenomenon and was affected by the charge on
the metal surface, interaction type with the metal surface,
chemical structure, and CI charge distribution.*®

Fe’ — Fe2 + 2¢~ (8)
Fe + SO; 2 (FeSO; )4, (9)
(FeSO%7),4 = (FeSO,) 4 + 26~ (10)
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Figure 6. Inhibition efficiency for API SL X60 steel in 1 M H,SO, in the absence and presence of Cls at 25 °C employing the (a) LPR, (b) PDP, and (c)

EIS techniques.

Table 4. Models of Adsorption Isotherms Used to Evaluate Cls

isotherm nonlinear model linear model plot (y vs x)
. Cinl K inl
Langmuir K4 Cih = % Th =Cu t+ Iinds % vs Cipy
Temkin K4 Cp = €° f0=In Cyy, + In K yif = —2a O, In Cyp
. (0 \p _ 0 0
Frumkin K,4Cinh = (1 —(1)5 f0 = In[i(l—o)cmh] + In Ky, 0 vs ln[i(l —O)th]
Freundlich K,4sCin, = 0 In 6 =1In Cyy + In K 4 In O, In Cyy,
Flory—Huggins CLh =K,4(1 - 0) ln<coh) =InKy +nln(l —0) ln(c_(}h) vsIn(1 — )
2 2— 2— 2—
(FeSO,),;, = Fe** + SO (1) Fe(H,0)n,,, + SO,>” = Fe[(H,0)n80,> 1., (13)

The negatively charged SO}~ ion was adsorbed easily on the
anodic sites of the positively charged metal surface,” which
favored the surface passivation by means of the formed iron
sulfates (eqs 9 and 10); however, iron dissolution (eq 11) and
other reactions that promoted the formation of other corrosion
products such as hydrated iron sulfates (rozenite and
melanterite) (eqs 12—14),”" iron oxides (II and III), or iron
oxyhydroxides like akaganeite, lepidocrocite, and/or goethite
(eqs 15—17) also took place:*®

Fe + nH,0 = Fe(H,0)n_,, (12)

Fe[(H,0)nSO,> 1,4, — Fe[(H,0)nSO, 14 + 2¢” (14)

Fe + H,0 = (FeOH"),, + H" (15)
1

2(FeOH™),4, + 50: + H,0 ~ 2[Fe(OH), 1,4, (16)

2[Fe(OH),] 4, — 2FeOOH + 2H"* (17)

The AE,,, with anodic preference indicates that the metal
surface can be inhibited by the PIL cations through a negatively
charged intermediate like imidazolate [Im~] and bromide [Br~]
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Figure 7. Langmuir adsorption isotherm of API SL X60 steel in 1 M
H,SO, with CIs at 25 °C.

Table S. Thermodynamic Parameters from the Langmuir
Adsorption Isotherms of CIs at 25 °C

—AG°q,

PIL R? slope  K,g(Lmol™) &y mol_f)
poly[VIMC4][Im] 0.995 1.201 3.494 x 10* 35.88
poly[VIMC2][Br] 0992 1221 1715 x 10* 34.12
poly[VIMC4][Br] 0994 1112 3233 x 10* 35.69

and/or SO,>” anions present in solution (eq 18),°° which
occupy the surface active sites and then diminish the iron
dissolution reaction (eq 8). The latter suggests that the inhibitor
can be adsorbed physically by Coulombic attraction between
PIL molecules and the steel surface.”’ The [Im~] anion, like
most organic anions, occupies larger geometric space in
comparison with [Br~], which improves the covering of anodic
sites. Notwithstanding, the anticorrosive property of PILs is the
result of the effect exerted by the cation and anion on the general
corrosion process:

Fe(nH,0),4 + Im™ — Fe(nH,0)Im, 4 +¢~ (18)

In contrast, the hydronium ions (H;0"), formed during eqs 19
and 20, are attracted to the cathodic zone,”> where their
reduction and further formation of molecular hydrogen occur
(egs 21 and 22); the freed electrons are used in the anodic
reactions:””

H,SO, + H,0 < HSO,” + H,0 (19)
HSO,” + H,0 < SO,*” + H,0" (20)
Fe + H,O" + ¢~ & FeH_, + H,0 (21)
FeH, + H;O" + ¢~ =2 H, + Fe + H,0 (22)

Since PILs possess a positive charge, they are adsorbed on the
cathodic sites by means of the alkylimidazolium unit, where the
[Im*] cations of PILs, in addition to having 7 electrons in their
aromatic imidazolium ring, present bigger size and higher
electron density with respect to protons (H"), thus promoting a
competition among them. In the cathodic sites, the adsorption
of Cls is eased by van der Waals forces, occupying higher surface
area and forming a barrier that prevents the attack of corrosive
ions.” Physisorption is the main process occurring (eq 23);

however, chemical adsorption also takes place with the possible
formation of iron— PIL complexes (eq 24) according to the
obtained AG®,4 data:

Fe + [Im*] 2 Fe[Im™], (23)

Fe[Im*],4 + ¢~ & Fe[Im] 4 (24)

The polymeric chain of PILs works as a physical barrier that
limits the passing of water and aggressive ions.””””’ By
comparing the results obtained from the electrochemical tests
of the PILs poly[ VIMC4][Br] and poly[VIMC4][Im], it can be
concluded that poly[ VIMC4][Br] displayed better anticorrosive
performance than poly[VIMC4][Im] because the first one has a
straight structure whereas the second one is a reticulated
polymer due to the bisacrylamide methylene bridges that are
linked to the polymeric chains, forming a network. Poly-
[VIMC2][Br] has a lateral ethyl alkyl chain, two carbon atoms
shorter than butyl, which affected its capacity to repel water from
the metal surface, producing slightly lower IEs than poly-
[VIMC4][Br].

In contrast, even with the presence of the imidazolate anion,
which has 7 electrons and can form chemical bonds with iron,
the accommodation of poly[ VIMC4][Im] on the metal surface
became difficult due to its reticulated polymeric chain; however,
the linear chain of poly[VIMC4][Br] suggests that it was
adsorbed with higher order on the metal surface. The result of
the synergistic effect of the anion and cation indicates that the
properties of poly[VIMC4][Br] and poly[VIMC4][Im] were
very similar.

Figure 13 shows that the inhibition mechanism of the PILs
occurred through the adsorption process promoted by the
electrostatic interaction and limited by diffusion. First, the CI
molecules diffused from the solution core toward the interphase
layer of the metal surface under a Ciyy gradient. Afterward, they
joined the charged metal substrate by electrostatic attraction of
the acrylamide, vinylpyrrolidone, and vinylalkylimidazolium
polymeric units, anchoring on the surface, forming loops and a
train of segments adhered to tails protruding toward the solution
core. The electrostatic attraction drove to the spatial
reorganization of the polymeric skeleton of the PILs due to
the higher contact with the API SL X60 steel and to a more
extended configuration, parallel to the metal surface,”® forming a
CI monolayer in Cy through the N, C, and O atoms present in
the PILs as shown by the high-resolution XPS spectra.

3. CONCLUSIONS

The present research work dealt with the IE evaluation of three
PILs synthesized to prevent API SL X60 steel from being
corroded in an acidic medium. In addition to the IE, adsorption
properties on the metallic surface were studied by means of
electrochemical and surface analysis techniques. As a result, all
the PILs were classified as mixed-type Cls, and poly[ VIMC4]-
[Br] was identified as the most promising CI with an IE of 85%.
Due to their chemical structure, these compounds protected the
steel material through their physicochemical adsorption. These
results correlated well with the surface analyses employed in this
study. In general, from the results reported in the present
research work, it can be concluded that CIs of the PIL type
represent a feasible strategy to inhibit the corrosion of steel
elements omnipresent in the oil industry when the properties of
repeating units (monomers) and specific features of anion
structures are combined suitably in this type of compound.

https://doi.org/10.1021/acsomega.2c04787
ACS Omega 2022, 7, 37807—-37824


https://pubs.acs.org/doi/10.1021/acsomega.2c04787?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04787?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04787?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04787?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Figure 8. SEM images of API SL X60 steel after immersion for 4 h in 1 M H,SO, and 175 ppm of PILs: (a) blank, (b) poly[VIMC4][Im], (c)

poly[VIMC2][Br], and (d) poly[VIMC4][Br].

Table 6. Chemical Composition Obtained by XPS from the
API 5L X60 Steel Surface after 4 h of Immersion in IM H,SO,,
in the Presence of PILs

chemical composition (at. %)

sample Fe 2p O 1s S2p N 1s Cls
blank 6.48 68.52 15.48 - 9.52
poly[VIMC4][Im] 271 3120 341 434 5834
poly[VIMC2][Br] 8.66 46.25 3.50 4.09 37.50
poly[VIMC4][Br] 1422 4865 446 200 3067

4. EXPERIMENTAL SECTION

4.1. Materials and Equipment. The reagents 1-vinyl-
imidazole (VIM, >99%), bromoethane (99%), and 1-
bromobutane (99%) were used to obtain 1-vinyl-3-ethyl-
imidazole bromide ([VIMC2][Br]) and 1-vinyl-3-butylimida-
zole bromide ([VIMC4][Br]) monomers. N-Vinyl-2-pyrroli-
done (VP, >99%) and acrylamide (AM, >98%) were used as
comonomers. N,N’-Methylenebis(acrylamide) (BAM, 99%)
was used as a cross-linking agent, and 2,2’-azobis(2-methyl-
propionamidine) dihydrochloride (VS0, 97%) was used as the
polymerization initiator. All reagents were purchased from
Sigma-Aldrich. High purity nitrogen gas (99.9%) was used for
degassing mixtures of reaction solutions and was purchased from
Praxair. "H NMR (300 MHz) spectra were obtained with a Jeol

Eclipse-300 equipment using tetramethylsilane (TMS) as the
internal standard and deuterated water or methanol as solvent at
room temperature. Infrared spectra were obtained on a Nicolet
Nexus 470 FT-IR spectrometer in attenuated total reflection
(ATR) mode. Molecular weights were measured in a GPC
Agilent series 1260 Infinity equipment with 2 Aquagel-OH
Mixed-H 8 ym X 7.5 mm columns connected in series.

The thermal properties of PILs were determined by high-
resolution thermogravimetric analysis (TGA) using a Netzsch
STA 409 in a nitrogen atmosphere at temperatures ranging from
30 to 600 °C (rate S °C/min).

4.2. Polymer Synthesis. [VIMC4][Br] and [VIMC2][Br]
monomers were obtained by following a previously described
procedure.””'% Poly[VIMC4][Im] was synthesized through a
previously reported procedure,”” using 0.02 mol % of BAM per
mole of monomer in the initial reaction mixture (see Figure 14).
Bisacrylamide (BAM) is used as an organic cross-linker to form
cross-linked polymers, which increases the viscosity by forming a
three-dimensional network.

The terpolymers poly[VIMC2][Br] and poly[VIMC4][Br]
were prepared from AM, VP, and [VIMC2][Br] or [VIMC4]-
[Br] following the same procedure (see Figure 15). The molar
ratio in the initial reaction mixture was (35—35-30),
respectively. To obtain the terpolymer poly[VIMC4][Br],
1.94 g (27.3 mmol) of AM, 3.04 g (27.3 mmol) of VP, and
5.42 g (23.4 mmol) of [VIMC4][Br] were added to 40 mL of
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Figure 9. High-resolution XPS spectra of O 1s of API SL X60 steel in
the presence of CIs at 25 °C and 4 h immersion.

Poly [VIMC4][Br]

!
13.68

Fe 2p 72433

e Experimental

Fit
Backgnd.
1 1 1 1 1 1 1 1 1

745 740 735 730 725 720 715 710 705 700 695

Binding energy (eV)

Figure 10. High-resolution XPS spectra of Fe 2p of API SL X60 steel in
the presence of Cls at 25 °C and 4 h immersion.

deionized water in a three-neck round-bottom flask equipped
with a mechanical stirrer (80 rpm). The reaction solution was
cooled to 3 °C and degassed by vacuum for 15 min, and then it
was returned to ambient pressure by circulating nitrogen in the
system. Once the system reached the reaction temperature of 50
°C, 0.148 g (0.546 mmol) of the initiator VSO diluted in
deionized and degassed water was pumped into the reaction
mixture for 30 min. The reaction was allowed to continue with a
constant flow of nitrogen for 8 h. The initiator concentration in
the reaction was 0.007 mol of initiator per mole of monomers.

*  Experimental 40165 39998 [poly [VIMC4][Im]
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Figure 11. High-resolution XPS spectra of N 1s of API 5L X60 steel in
the presence of CIs at 25 °C and 4 h immersion.
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Figure 12. High-resolution XPS spectra of C 1s of API SL X60 steel in
the presence of CIs at 25 °C and 4 h immersion.

The terpolymer was separated from the reaction mixture by
precipitation in acetone and dried at 40 °C under vacuum for 24
h.

The molecular weights of the polymers evaluated as Cls are
702 314, 823 530 and 884 350 g mol ™" for poly[VIMC4][Im],
poly[VIMC2][Br], and poly[VIMC4][Br], respectively. The
displacements obtained by "H NMR and FTIR are the following
(Figures S1—S3, Supporting Information).

Poly(1-butyl-3-vinylimidazolium) imidazolate, Poly-
[VIMC4][Im]. "H NMR (MeOD, 300 MHz) &y (ppm): 1.03
(b, 3H), 1.43 (b, 2H), 1.91 (b, 2H), 2.68 (b, 2H), 4.24 (b, 2H),
6.95 (s, 2H), 7.12 (s, 1H), 7.68 (s, 2H), 8.53 (s, 1H). FT-IR
(500—4000 cm™, ATR): v 3172, 2962, 2881, 1556, 1473, 1168,
839, 557.
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Figure 13. Inhibition mechanism of PILs on API 5L X60 steel in 1 M
H,SO, at 25 °C.

Poly(acrylamide-N-vinylpyrrolidone-1-ethyl-3-vinylimida-
zolium bromide), poly[VIMC2][Br]. '"H NMR (D,0, 300 MHz)
8y (ppm): 1.2-2.69 (b, 14H), 3.27 (b, 2H), 4.02 (b, 2H), 4.24
(b, 2H), 7.61 (b, 3H). FT-IR (500—4000 cm™, ATR): 3353,
3187, 2917, 1646, 1438, 1290, 1160.

Poly(acrylamide-N-vinylpyrrolidone-1-butyl-3-vinylimida-
zolium bromide), Poly[VIMC4][Br]. "H NMR (D,0, 300 MHz)
8y (ppm): 0.96 (b, 3H), 1.36 (b, 2H), 1.44—2.68 (b, 13H), 3.26
(b, 2H), 3.27 (2H), 3.9 (b, 2H), 4.2 (b, 2H), 7.62 (b, 3H). FT-
IR (500—4000 cm™, ATR): v 3358, 3179, 2916, 1645, 1436,
1290, 1162. Additionally, Figure S4 (Supporting Information)
shows the thermograms obtained for the PILs. The first weight
loss stage corresponded to water loss, which occurred between
30 and 120 °C and was of 7, 10, and 14% for poly[VIM4][IM],
poly[VIM4C][Br], and poly[VIM2C][Br], respectively. The
homopolymer poly[VIM4][IM] was decomposed in a single
weight loss stage, which started at 247 °C. In contrast, the
decomposition of the terpolymers poly[VIM4C][Br] and
poly[VIM2C][Br] took place in two clearly defined stages at
245 and 250 °C, respectively. The first stage was ascribed to the
decomposition of side acrylamide groups by the elimination of

at this sta%e, the

%* The
second stage was related to the decomposition of the repeating
units of n-vinylpyrrolidone.

4.3. Preparation of Steel Specimens and Acid Medium.
For the evaluation of the PILs as CIs in an acid medium, the
working electrodes (WEs) were previously prepared using API
SL X60 steel samples with the following chemical composition:
C (0.14%), Mn (1.04%), Si (0.25%), Cr (0.07%), Mo (0.08%),
V (0.03%), Cu (0.03%), Ni (0.05%), Al (0.026%), P (0.014%), S
(0.011%), Ti (0.015%), Nb (0.001%), and Fe (balance).'”® The
WE had exposed surface areas of 0.2894 cm? Before each
experiment, such a surface was abraded with SiC sheets with
grades from 600 to 1200; afterward, the material was rinsed with
distilled water and ethanol, drying it with nitrogen at ambient
temperature.'°® The corrosive medium of 1 M H,SO, (blank)
was prepared by mixing analytic grade H,SO, and deionized
water. The water-soluble PILs were evaluated at concentrations
ranging from 25 to 200 ppm in the corrosive medium.

4.4. Electrochemical Measurements. The electrochem-
ical analyses were carried out by means of a potentiostat/
galvanostat instrument model Metrohm Autolab PGSTAT
302N controlled by the software NOVA 2.1.4. The H,SO,—PIL
system was analyzed in a glass cell equipped with three
electrodes: a Ag/AgCl electrode employed as a reference
electrode (RE), a Pt electrode used as a counter electrode (CE),
and the WE. The open-circuit potential (Eqcp) was established
after immersing the WE in the corrosive solution with and
without CI for 20 min. The employed electrochemical
techniques were the following: LPR within a +25 mV interval
and PDP within a £250 mV interval, both at a rate of 0.1666 mV
s~'. The EIS was performed within a frequency interval ranging
from 100 kHz to 100 mHz with a sinusoidal wave featuring 5.0
mV of amplitude.'®” All the electrochemical tests were done in
triplicate with respect to the Egcp at 25 + 1 °C. 199719 The
inhibition efficiency (IE) of the PILs was calculated from the
obgagiéled LPR, PDP, and EIS results, employing eqs 25 and
26~

=
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Figure 14. Schematic representation of the ion exchange reaction to obtain cross-linked poly[ VIMC4][Im].
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y=1,3

Figure 15. Polymerization reaction for obtaining poly[VIMC2][Br] (y = 1) and poly[VIMC4][Br] (y = 3).

RPCI _ Rpo
IE pp p1s = T X 100 -
25
.0 .CI
lCOﬂ' - lCOﬂ'
IE,pp = [107 X 100 o6

where Rp is the polarization resistance obtained by either the
LPR or EIS technique expressed in Q cm?; i, is the current
density in 4A cm™?; and the CI and 0 superindices denote the
presence and absence of PILs in the acid system, respectively.
4.5, Surface Analysis. The surfaces of the API SL X60 steel
samples were analyzed through the SEM and XPS techniques.
The steel samples were immersed in 1 M H,SO, in the absence
and presence of 175 ppm of Cls for 4 h."°*"'® The surface
morphology was analyzed employing a scanning electron
microscope model JEOL-JSM-6300. The XPS analysis was
performed by means of an ESCALAB spectrometer by VG
Scientific with an Al Ka X-ray monochromatic source of 1486.6
eV. The analyzer pass energy was of 20 eV. The obtained spectra
were referred to as adventitious carbon (284.8 V), and the peak
fitting was done using the software Thermo Avantage v.5.991S.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c04787.
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