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KEYWORDS Abstract Protecting heat exchanger alloys from corrosion during acid cleaning is sacrosanct and
Acid cleaning; necessitates the development and application of highly—efficient environmentally—friendly corrosion
Stainless steel; inhibitors. In the present work, gravimetry, electrochemical impedance spectroscopy (EIS), cyclic
Imidazole; potentiodynamic polarization (CPDP), cyclic voltammetry and scanning electron microscopy-
Cyclic voltammetry; energy dispersive x-ray spectrophotometry (SEM-EDX) have been employed to investigate the
Corrosion inhibition potential of 1-benzylimidazole and its mixture with potassium iodide (KI) for the mitigation of

stainless steel (SS316L) corrosion in 1 M HCI solution at 60 °C. After short immersion time, 1-ben-
zylimidazole is found to decrease the weight loss and corrosion rate of the substrate and impacts an
inhibition efficiency of ~ 65% at 2000 ppm dosage. The inhibitor adsorption followed the Fre-
undlich isotherm. The synergism significantly lowers the rate of anodic half-reactions involving
Fe and Cr oxidation which, in turn, boosts the inhibitor efficiency to > 80% through a competitive
synergism. SEM-EDX characterization confirm that the passive layer formed in the presence
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of 1-benzylimidazole + KI significantly mitigated against the propagation of localized pitting cor-
rosion. Prolonged immersion time, up to 72 h, lowers the inhibition efficiency of 1-benzylimida

zole + KI mixture to 74 %.

© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Acid cleaning is a common industrial practice that is designed to
remove inorganic scale deposits on surfaces of metallic equipment.
For heat exchanger equipment, inorganic scales depreciate thermal
conductivity and fluid-flow properties, and also initiate severe under-
deposit corrosion that weakens the strength of the equipment (Obot
et al., 2019; Malayeri and Jalalirad, 2014). During acid cleaning, dilute
mineral acid (commonly HCI) is injected into the heat exchanger and
allowed to reside there for some time at temperature up to 60 °C
(Onyeachu and Solomon, 2020). Although this temperature facilitates
the scale dissolution as soluble chlorides, simultaneous corrosion
attack of the underlying substrate is also promoted. For heat exchan-
ger alloys like stainless steel, which are traditionally—known for their
remarkable corrosion resistance, this cleaning temperature and the
aggressive chloride ions in the acid solution significantly negate passive
film formation and stability (Obot et al., 2020; Yang et al., 2000). Con-
ventionally, organic corrosion inhibitors have gained immense reputa-
tion as cheap and safe additives that can lower the rate of corrosion,
when added to the acid cleaning solution. Nevertheless, elevated tem-
peratures impact negatively on the performance of organic corrosion
inhibitors leading to loss of efficiency (Onyeachu et al., 2020;
Umoren et al., 2021; Iroha and Maduelosi, 2021; Solomon et al., 2021).

Since acid cleaning practice is inevitable in the industry, corrosion
inhibitor addition is also an indispensable practice. The current global
advocacy for greener and more environmentally-benign chemicals
make it imperative to develop corrosion inhibitors that meet the
high-efficiency and low-toxicity standards (as stipulated by PARCOM
Protocols on Methods for the Testing of Chemicals Used in the
Offshore Oil Industry, 2006). These standards are readily found among
imidazole and its derivatives. They represent a class of non-toxic and
cost—effective nitrogen-based heterocyclic compounds (Shalini et al.,
2010). They serve as nuclei for the synthesis of a wide variety of phar-
maceutical products (Ranjith, 2016; Narasimhan et al., 2011), and are
key compounds applied in the advancement of green chemistry and
organometallic catalysis (Balalaci and Arabanian, 2000; Keim, 2000).
Very importantly, too, their corrosion inhibition properties have been
reported for a variety of alloys in different corrosive environments
(Obot et al., 2015; Zhang et al., 2009; Yan et al., 2020; Ko et al.,
2021; Srivastava et al., 2021; Wang et al., 2018; Xiong et al., 2021;
Eduok et al., 2018; Singh et al., 2017; Li et al., 2021; Zeng et al.,
2021). Molecular structure influences their adsorption property; hence,
simpler structures enjoy less-restrictions (during adsorption) due to
reduced steric hindrances. In view of the aforementioned, and given
the excellent corrosion inhibition efficiency it provided for steel in a
typical acid corrosion environment (Onyeachu et al., 2021), we are
motivated to investigate 1-benzylimidazole (and its mixture with
potassium iodide, KI) as corrosion inhibitor for the protection of a
heat exchanger stainless steel under acid cleaning conditions.

In l-benzylimidazole, a phenylmethyl group is attached to the
nitrogen atom in an imidazole ring, as elucidated in Fig. 1. Density
functional theory calculations has shown that the imidazole nitrogen
in 1-benzylimidazole is the electron—rich and principal adsorption site
of the molecule on a steel surface in an acidic medium (Onyeachu et al.,
2021). Its low energy band gap (4E) ensures an ease of electron release
and acceptance; a prerequisite for good corrosion inhibition
(Onyeachu et al., 2021). Its simple structure enables it to inherently ori-
ent in a near flat/parallel position during adsorption; a prerequisite for
high interaction strength and surface coverage (Onyeachu et al., 2021).

The molecule is also a major pharmacological ingredient (Hachula
et al., 2010; Khabnadideh et al., 2003) and exhibits Log Py, = 1.93
and LDs, = 75 mg/kg, hence, is adjudged a low—toxic molecule by
PARCOM standard (1-benzylimidazole, 2021). For carbon steel cor-
roding in acidic solution (Onyeachu et al., 2021; Ismail et al., 2019);
I-benzylimidazole modified the electrochemistry by influencing more
of the anodic (oxidation) arm of the potentiodynamic polarization
curves. Such behaviour makes us suspect that its adsorption could also
improve the oxidative reactions involving Fe, Cr and Ni in stainless
steel, thereby, favouring the formation of highly—protective passive
layers. When little quantity of potassium iodide (KI) is added as addi-
tive to the corrosion inhibitor, like is usually the case in many indus-
trial corrosion inhibitor formulations, we further envisage a
synergistic improvement in the action of 1-benzylimidazole. This is
because iodide ions have the capacity to charge a metal surface nega-
tively and promote the adsorption of positively-charged inhibitor
molecules (Solomon et al., 2020; Umoren and Solomon, 2014), as 1-
benzylimidazole would exist in an acid solution in protonated form
(Onyeachu et al., 2021; Cardona et al., 2014). From an overall perspec-
tive, however, not much research works has investigated imidazole
derivatives as inhibitors for the mitigation of the acid corrosion of
stainless steel (Ribeiro et al., 2015; Moreira et al., 2014; Jia et al.,
2013). Filling this research gap is important, especially at an elevated
temperature, given the merits of such compounds.

Classical weight loss and the instrumental electrochemical tech-
niques are some of the conventional corrosion testing techniques used
in many industries. The ASTM G1-03 (ASTM-G 01-03, 1997) high-
lights the guidelines for performing weight loss experiments. The tech-
nique provides the merits of high accuracy, precision, reproducibility
and minimal methodical errors (Daniyal and Akhtar, 2020). When per-
formed over a given time, it can be used to deduce average corrosion
rate (ASTM-G 01-03, 1997). Electrochemical impedance spectroscopy
(EIS), cyclic voltammetry (CV) and potentiodynamic polarization
(PDP) are some of the most important electrochemical techniques.
EIS, a non-destructive technique, involves exciting the corroding metal
with low-amplitude alternating-current potential in order to probe the
corrosion resistance mechanism with respect to the solution dielectric
properties (Daniyal and Akhtar, 2020). In the PDP technique, espe-
cially its cyclic derivative (cyclic potentiodynamic polarization,
CPDP), rate and mechanism of electrochemical reactions at the cor-
roding metal surface are deduced by impressing a wider range of
direct-current potential perturbation. Kinetics and mechanism are
interpreted from parameters like corrosion current density (icorr) and
corrosion potential (E.,,), and also from phenomena like active corro-
sion, passivation and passivation breakdown, and pitting corrosion
(Daniyal and Akhtar, 2020). Furthermore, the CV technique is also
a direct current polarization technique but involves perturbing the cor-
roding metal with a cyclic potential scan and measuring the current
flow. The resultant anodic and cathodic peaks in a cyclic voltammo-
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Fig. 1  Structure of 1-benzylimidazole.
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gram can aid the identification of plausible corrosion products formed
on the alloy surface during the corrosion process (Onyeachu et al.,
2020; Elgrishi et al., 2018). Knowledge of this could provide reasonable
explanations to the electrochemical mechanism controlling the corro-
sion process.

In the present research work, we apply weight loss experiments to
screen the effect of concentration and KI addition on the inhibition
performance of 1-benzylimidazole during corrosion of stainless steel
SS316 L after immersion 1 M HCI solution at 60 °C. Using the opti-
mized inhibitor concentrations derived from weight loss (without
and with KI addition), we employ electrochemical measurements using
EIS, CV and CPDP to interpret mechanism of the corrosion inhibi-
tion. Scanning electron microscopy (SEM) and energy dispersive x-
ray spectrophotometry (EDX) were employed to probe the effect of
the corrosion inhibitor system on the surface degradation of the stain-
less steel after corrosion. The effect of prolonged immersion time (72 h)
was also considered.

2. Experimental section

2.1. Chemicals and materials

1-benzylimidazole and potassium iodide (KI) were purchased
from Sigma Aldrich as analytical grade chemicals. Concen-
trated HCl (35%) and isopropanol were purchased from
Fisher scientific. The acid solution (1 M HCI) was prepared
by diluting the concentrated acid with distilled water. A stock
solution of 1-benzylimidazole was prepared in isopropanol,
from which inhibitor concentrations of 500, 1000, 1500 and
2000 ppm were prepared by diluting stock with the acid solu-
tion. The elemental composition of the stainless steel SS 316L
has been reported previously (Obot et al., 2020). The alloy was
cut into weight loss coupons with total exposed surface area of
22.73 cm? while the electrochemical coupons had 1 cm? surface
area exposed for testing after cold mounting in epoxy resin.
The surfaces of coupons were prepared by polishing with
silicon-carbide papers having grit sizes 400, 600, 800 and
1000. They were subsequently washed thoroughly with run-
ning tap water, degreased with acetone, dried with warm air
and used immediately. A thermostatic water bath was utilized
to maintain a 60 °C temperature at which all corrosion mea-
surements were performed.

2.2. Weight loss measurements

Preliminary weight loss experiment was performed for 6 h to
screen the corrosion inhibitor and optimize concentration.
Prolonged weight loss experiment, with optimized inhibitor
concentration, was performed by immersing the alloy for
72 h in uninhibited and inhibited solutions. Duplicate stainless
steel coupons were immersed in 200 mL of inhibited and unin-
hibited 1 M HCI solution at 60 °C. After each immersion time,
the coupons were withdrawn from the solutions and cleaned
according to ASTM GI1-03 standard procedure (ASTM-G
01-03, 1997). The weight loss after immersion (4 W) was calcu-
lated based on Eq. (1) from which the corrosion rate (v, mm/
yr) was calculated according to Eq. (2); whereby p = density
of the stainless steel sample (7.99 g cm ), 7 = immersion time
(6 h), and A = surface area of the coupons (22.73 cm?). The
corrosion inhibition efficiency (% IE) deduced from weight
loss measurement was calculated according to Eq. (3). The

effect of KI on the inhibitor performance was investigated in
the acid solution without and with maximum inhibitor
concentration.

AW(g) = W(beforeimmersion) - W(zlfterimmersinn) (1)
AW x 87600

vmm/yr) == T )

GIE = 1 — U(withinhibitor) % 100% (3)

U(withoutinhibitor)

2.3. Electrochemical measurements

The electrochemical experiments were conducted with the low-
est and maximum inhibitor concentration to interpret the
mechanism of the inhibitor action without and with KI addi-
tion. The electrochemical experiments were performed in a
200 mL three—electrode system that consisted of Ag/AgCl
(sat. 4.2 M KCI) as reference electrode, 3 cm x 3 cm Pt. sheet
as the counter electrode and the stainless steel as working elec-
trode. The measurement was conducted on a Gamry Poten-
tiostat/Galvanostat/ZRA Reference 600 + workstation
equipped with the Echem analyst software for the extrapola-
tion of electrochemical parameters. All electrochemical tests
commenced with an open circuit potential (OCP) determina-
tion during 1800 s of free corrosion in order to establish a
steady-state condition which is imperative for every electro-
chemical corrosion measurement. At the OCP, electrochemical
impedance spectroscopy (EIS) measurement was conducted,
under potentiostatic mode, by applying an alternating—current
signal with amplitude of 10 mV over a frequency range of 10°
Hz to 10° Hz. Cyclic voltammetry measurements were carried
out in the potential range of — 0.6 V vs. Ag/AgClto + 0.6 V
vs. Ag/AgCl using a sweep rate of 10 mV/s. Cyclic potentiody-
namic polarization (CPDP) measurements were conducted
using the following parameters: initial potential = —0.25 V/
Ref; apex potential = 1 V/Ref; final potential = 0 V/Ref; for-
ward and reverse scan rate = 0.5 mV/s. The efficiency of inhi-
bition (% IE) was calculated from the EIS and CPDP results
using Eqgs. (4) and (5), respectively.

R withoutinhibitor
G IEgs = 1 — —pwithoutinhiblion 1 yyo7 (4)

Rp(wixhinhibimr)

%IECPDP —1- 'lcorr(wilhinhibilor) % 100% (5)

Icorr(withoutinhibitor)

2.4. SEM characterization

Scanning electron microscopy (SEM) was employed to peruse
the surface morphology of the stainless steel after corrosion in
the blank acid solution and in the acid solution containing the
optimum inhibitor concentration + KI. The SEM was cou-
pled with an energy dispersive x-ray spectrophotometer
(EDX) to determine the elemental composition of the corro-
sion layer. The SEM experiment was conducted on a micro-
scope JEOL JSM-6610 LV model operated at a voltage of
20 kV and irradiation current of 10 mA.
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3. Results and discussion

3.1. Weight loss and corrosion rate results

The weight loss and corresponding corrosion rate recorded for
SS 316L stainless steel after 6 h of immersion in 1 M HCI at
60 °C without and with different concentrations of 1-ben-
zylimidazole are presented in Table 1. From the results
obtained, the stainless steel experienced a concentration—de-
pendent retardation in weight loss when 1-benzylimidazole
was added to the acid solution. This retardation is even more
pronounced with the addition of 1 mM KI. For instance, rel-
ative to a weight loss of 0.16 = 0.014 g (12.87 £+ 1.59 mm/yr)
recorded for the substrate in the uninhibited HCI solution, a
weight loss of 0.056 + 0.007 g (4.90 = 1.36 mm/yr) is observed
in the presence of 2000 ppm of the inhibitor and represents a
protection efficiency of approximately 65.12 + 1.87%. The
addition of 1 mM KI to this inhibitor concentration further
decreased the weight loss to 0.040 £+ 0.004 (3.21 + 0.46 mm/
yr) and boosted the efficiency to approximately 75.03 + 0.44
%. This phenomenon can be explained accordingly.

When immersed in the acid solution, the stainless steel
acquires a potential that triggers dissolution of reactive metals,
especially Fe and Cr, via some oxidation reactions (Strehblow,
2016; Maurice and Marcus, 2018). These oxidation reactions
occur simultaneously with reduction reactions, the most
important being the reduction of H™ ions into Hyg). This dis-
solution causes the weight loss observed during the immersion
experiment. Although corrosion-resistant oxides/hydroxides
of Fe and Cr are the major products formed from this corro-
sion process (Strehblow, 2016; Maurice and Marcus, 2018),
the stability of their passive film, at the working temperature,
would surely be jeopardized by CI” ions in HCI (Marcus, 1998;
Marcus et al., 2008). As a cationic inhibitor in an acid solution
(Onyeachu et al., 2021; Cardona et al., 2014); 1-benzylimida-
zole could lower the extent of weight loss experienced by the
alloy through adsorption and blocking of reactive sites to
impede both oxidation and reduction reactions. Oxidation
processes at anodic sites are blocked by electron transfer
between the d—orbitals of Fe and Cr, and the electron-rich cen-

Table 1

tres in 1-benzylimidazole, i.e. the nitrogen atoms and C=C
pi—bonds. Given the cationic nature of 1-benzylimidazole in
the acid solution, the blocking of oxidation processes could
also be facilitated by pre-adsorbed anionic species, especially,
chloride ions in the acid devoid of 1 mM KI. On the other
hand, the reduction reaction is lowered by the preferential
adsorption of 1-benzylimidazole cations, over H" ions, on
the cathodic sites. Surely, the 1-benzylimidazole has a larger
size than H* and, therefore, would cover larger cathodic sur-
face area. Once adsorbed, the inhibitor molecules can link up
and spread into a continuous protective layer, as determined
by the surface microstructural characteristics of the alloy.
The equation 0{0 < 0 < 1} = % relates corrosion inhibition
efficiency (% IE) with the extent of surface coverage (6)
(Foad, 1999). From Table 1, values of 0 = 0.65 (with
2000 ppm) and 0 = 0.75 (with 2000 ppm + 1 mM KI) confirm
that the inhibitor molecules could effectively adsorb on the
active sites of the stainless steel surface, and that the iodide
ions further promote this adsorption and spreading into a
highly protective layer (Onyeachu and Solomon, 2020). In
acid-type environments, several authors have also reported
improved efficiency of corrosion inhibitors courtesy of syner-
gistic action of iodide ions (Onyeachu et al., 2021; Umoren
et al., 2010). On one hand, the synergism could be competitive,
whereby, iodide ions and corrosion inhibitor molecules jostle
for adsorption on positively-charged anodic sites on the metal
surface. Since the corroding alloy surface has an abundance of
these adsorption sites, such jostling could translate into
quicker occupation and surface coverage by both 1-benzylim-
idazole and iodide ions. On the other hand, the synergism
could be cooperative, whereby the adsorption of one species
does not interfere with the adsorption of the other but pro-
motes the inhibitor adsorption. This could occur when prelim-
inarily adsorbed iodide ions induce a net negative charge and
form intermediate bridges that promote 1-benzylimidazole—

metal interaction. The synergism parameter (Sp :1’:;%)
U2

(Aramaki and Hackerman, 1969) can elucidate whether com-
petitive or cooperative synergism is dominant, whereby,
012 =0, 4+ 0, — (0,0,), 0; = degree of surface coverage of
1-benzylimidazole, 6, = degree of surface coverage of iodide

Weight loss and corrosion rate values measured for 316 L stainless steel after 6 and 72 h immersion in 1 M HCI without and

with different 1-benzylimidazole concentrations and with 1 mM KI addition at 60 °C.

Inhibitor Conc. (ppm) Weight loss = S.D. (g)

Corrosion Rate = S.D. (mm/yr) % IE (%)

6h
Blank 0.160 + 0.014
500 0.105 £ 0.007
1000 0.085 % 0.007
1500 0.070 = 0.000
2000 0.056 + 0.007
1 mM KI 0.064 + 0.004
2000 ppm + 1 mM KI 0.024 + 0.004
72 h

Blank 0.230 + 0.000
2000 0.099 + 0.004
1 mM KI 0.101 % 0.007
2000 ppm + 1 mM KI 0.060 £ 0.002

12.87 £ 1.59 =

8.44 £ 0.79 3426 £ 1.94
6.84 + 0.80 46.86 = 0.39
5.63 = 0.00 5591 + 5.46
4.90 + 1.36 65.12 + 1.87
5.15 + 0.46 5991 + 1.42
1.93 £+ 0.46 85.03 £ 0.44
15.41 £+ 0.00 =

6.63 £ 0.46 56.98 £+ 1.42
6.77 £ 1.79 56.07 £ 1.94
4.55 £ 0.21 7391 £ 0.39
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ions, and 9{ 4» = the degree of surface coverage of 1-benzylimi
dazole + iodide ions. A competitive mechanism is dominant if
Sy < 1, while Sy > 1 indicates the cooperative mechanism. As
calculated from the weight loss results, the value of
Sp = 0.9339 is less than unity and indicates a competitive syn-
ergism between 1-benzylimidazole and the iodide ions. Com-
petitive synergism has also been reported between iodide ions
and some cationic corrosion inhibitors in acid solutions

(Mouheddin et al., 2019; Mouheddin et al., 2018).

3.2. Adsorption isotherm

Corrosion inhibitor-metal substrate interaction usually
involves reversible adsorption—desorption processes that could
proceed to a chemical equilibrium. Understanding the mecha-
nism of inhibitor adsorption and the nature of the equilibrium
established requires the use of adsorption isotherms. In the
present work, the interaction between corrosion inhibitor
and the stainless steel substrate was tested with the Langmuir,
Temkin and Freundlich models using data obtained from the
weight loss experiment. According to Eq. (6) (Akinbulumo
et al., 2020), the Langmuir isotherm assumes that a linear rela-
tionship exists between the extent of metal surface coverage (6)
by inhibitor and the inhibitor concentration (C). It also pre-
dicts that the corrosion inhibitor only adsorbs as a monolayer
with negligible inhibitor—inhibitor interaction during adsorp-
tion (Akinbulumo et al., 2020). The adsorption equilibrium
constant (K,qs) can be deduced from the inverse of the inter-
cept at C = 0 ppm. The Freundlich isotherm relates the loga-
rithms of surface coverage and inhibitor concentration using
the Eq. (7) (Akinbulumo et al., 2020). From the slope of Fre-
undlich plot (1), the extent of metal surface heterogeneity, and
the intensity of inhibitor adsorption, can be predicted. Inhibi-
tor adsorption is highly feasible when 0 <! < 1 but moderate
or difficult, respectively, when % =1or % > 1 (Chaudhary and
Tak, 2022). Lastly, the Temkin isotherm assumes that a multi-
layer interaction exists between the inhibitor molecules and the
metal surface (Chaudhary and Tak, 2022). According to Eq.
(8), a plot of 0 vs. In C should yield a straight line (with R>
~ 1) whose slope can be extrapolated to describe the lateral
interaction between inhibitor and metal surface (o). Compared
with the Langmuir and Temkin models in Fig. 2(a) and (c),
respectively, the Freundlich model in Fig. 2(b) provides the
best description for the inhibitor—metal interaction. The best
agreement exists between experimental points and the fitting
line for which R*> = 0.9995. It indicates that the corrosion inhi-
bitor interacts with a strongly heterogeneous stainless steel sur-
face, caused by the high temperature which promotes surface
attack by the acid solution. However, the value of % =04,
extrapolated from the slope of the Freundlich plot, confirms
that the inhibitor adsorption is highly feasible under the testing
condition. Therefore, abundant active sites are exposed on the
stainless steel surface during the acid corrosion at 60 °C, and
these active sites accommodate more inhibitor, which explains
why the inhibition efficiency increases with concentration.

C 1

1
IOg 0 = logKlds + ; 10g C (7)

3200

B Experimental points n
Fitting line
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Fig.2 (a) Langmuir (b) Freundlich and (c) Temkin and isotherm
plots for the adsorption of 1-benzylimidazole on SS316L stainless
steel during corrosion in 1 M HCI at 60 °C.

1 1
OZ—TO(IHC—TO(KMS (8)
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3.3. Electrochemical results

3.3.1. Electrochemical impedance spectroscopy (EILS) results

After 1800 s of free immersion in the acid solution without and
with 500 and 2000 ppm of 1-benzylimidazole, 1 mM KI, and
2000 ppm + 1 mM KI, the stainless steel could attain a stable
open circuit potential (OCP), as revealed in Fig. 3. At the
OCP, Fig. 4 presents the potentiostatic EIS results. In Fig. 4
(a), the Nyquist plots are similar in shape but differ in sizes.
The addition of 1-benzylimidazole increases the Nyquist arc
only minimally at 500 ppm dosage, but quite significantly at
2000 ppm. The observed enlargement of the Nyquist arcs tes-
tify to increased corrosion resistance impacted on the stainless
steel by 1-benzylimidazole. Furthermore, the Fig. 4(a) reveals
that, although the addition of 1 mM KI impacted greater cor-
rosion resistance than the minimum inhibitor concentration
(500 ppm), the impact of the inorganic molecule was lower
than that delivered by the maximum inhibitor concentration
(2000 ppm). Remarkably, too, the combination of 2000 ppm
1-benzylimidazole with 1 mM KI exhibited the largest Nyquist
arc in Fig. 4(a). The Nyquist results are further confirmed by
the absolute impedance plot in Fig. 4(b), whereby the value
of impedance at low frequency is highest for the 1-benzylimida
zole + KI system and least for the blank solution. Clearer
interpretation of the corrosion inhibition mechanism is pro-
vided by the phase angle plots in Fig. 4(c). The plots reveal
both high frequency and low frequency peaks for all the corro-
sion conditions. Generally, the stainless steel exhibits higher
phase angle peaks in the presence of corrosion inhibitor,
becoming most significant with the 1-benzylimidazole + KI
corrosion inhibitor system. The peak at high frequency depicts
the charge—transfer phenomenon occurring at a passive layer—
solution interface, whereas the low frequency peak signifies the
phenomena at the passive layer—substrate interface. Ration-
ally, this passive layer consists of the nucleating oxides/hydrox-
ides of Fe and Cr (in the absence of inhibitor) as well as the
adsorbed inhibitor molecules (in the presence of inhibitor).
The two-time constants equivalent circuit in Fig. 4(d) was

-0.12 4
‘_.-3, -0.16
=] O .|
< 020 -\
o
>
3 M—ww__ it
= -0.241
2 —&— Blank
o —&— 500 ppm
& -0.28 - 2000 ppm

—v—1mMKI
2000 ppm + 1 mM KI
-0.32 T T T T
0 400 800 1200 1600 2000

Elapsed time (s)

Fig. 3  Variation of open circuit potential (OCP) with time for
SS316L stainless steel during corrosion in 1 M HCI at 60 °C
without and with 1-benzylimidazole 500 ppm, 2000 ppm, 1 mM
KI and 2000 ppm + 1 mM KI.

adopted to provide electrical description of the corrosion
and inhibition mechanism. The confidence in choosing the
two-time constants is further boosted by the good agreement
between the experimental plots and fitting lines (Fig. 4e) and
the low goodness-of-fit values in Table 2. The first-time con-
stant describes the passive layer—solution interface using the
resistance of layer to porosity (Ry) and the layer capacitance
(CPEy). The second time constant uses the charge transfer
resistance (R.) and double layer capacitance (CPEg) to
describe the electric double layer existing at the passive
layer—substrate interface. The constant phase element (CPE),
rather than pure capacitor, is adopted in Fig. 4(d), in order
to account for surface roughness of the corroding alloy. The
CPE consists of an admittance element (Y) and a roughness
parameter (n: —1 < n < 1) (Hsu and Mansfeld, 2001). In the
double layer, however, the double layer capacitance (Cyqy) pro-
vides better accuracy than the admittance (Yq;). The Cyq; is cal-
culated from Yy based on Eq. (9); whereby fi.x is the
frequency (Hz) which corresponds to the maximum impedance
of the imaginary component in the Nyquist plot (Shoesmith
et al., 1980). The extrapolated electrical elements have been
presented in Table 1.

Ca = Ydl(zﬂfmax)WI (9)

At pH 1 and 3, Deen et al. (Deen et al., 2020) reported that
Fe** and Cr’" transport at stainless steel-solution interface
controls the rate of corrosion and stability of passive film
formed on uninhibited 316 L stainless steel. On the other hand,
Tang et al. (Tang et al., 2019) established that the CI” ions in
HCI can antagonize the stability of passive films formed on
stainless steel by dissolving them as soluble chlorides and initi-
ating severe localized corrosion attack. These factors would
expose more alloy surface to the corrosion attack. In the pres-
ence of l-benzylimidazole, however, the rate of Fe’" and
Cr*” release/transport is suppressed because the reactive cen-
ters (nitrogen atom and C = C bond) engage in electron dona-
tion and acceptance with the d—orbitals in Fe and Cr atoms.
More so, as a protonated species in acid solution (Solomon
et al., 2020); 1— benzylimidazole could also engage in an indi-
rect adsorption through electrostatic attraction to anionic spe-
cies pre—adsorbed on the alloy surface due to attraction to
Fe’" and Cr’ ™. For this latter case, the CI” and I™ ions provide
the template for such inhibitor adsorption (Umoren and
Solomon, 2014; Cardona et al., 2014; Onyeachu et al., 2019).
This enhanced inhibitor adsorption on the stainless steel sur-
face shields the alloy from the solution, and the deteriorating
impact of CI” ions are minimized (since a fraction of the ions
likely boost inhibitor adsorption). Consequently, a promoted
Fe/Cr—oxide/hydroxide formation proceeds within the double
layer in the presence of 1-benzylimidazole which becomes even
enhanced with KI addition. Thus, the single inhibitor, at
2000 ppm, exhibits inhibition efficiency approximately 67 %,
which is boosted to 78 % due to addition of 1 mM KI.

3.3.2. Cyclic potentiodynamic polarization (CPDP)

The cyclic potentiodynamic polarization (CPDP) plots for SS
316L stainless steel in 1 M HCI solution without and with
500 and 2000 ppm of 1-benzylimidazole, 1 mM KI, and
2000 ppm + 1 mM KI are presented in Fig. 5(a)(e), respec-
tively. The polarization parameters extrapolated from the
plots, such as corrosion potential (E..), corrosion current
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Table 2 EIS parameters derived for SS316L stainless steel during corrosion in 1 M HCI at 60 °C without and with 1-benzylimidazole 500 ppm, 2000 ppm, 1 mM KI and

2000 ppm + 1 mM KI.

CPE;
Y

CPEdl
Ya

%IE

Goodness of Fit (x107)

ng

Rt

Ngp

R(Q cm?)

Conc.

(Q cm?)

(uFem Zsn )

(mFem 2 s™ 1) Q cm?)

(ppm)

0.89
2.13
0.95
1.45
0.58

0.40 £+ 0.13
241 £ 0.63
5.24 + 0.21

8.35 £ 0.10 0.81 + 0.159

4.34 £+ 0.01
5.02 + 0.08

0.69 + 0.009

6.71 £+ 0.001
7.19 £+ 0.004
6.01 = 0.003
2.16 + 0.008

2.76 + 0.006

0.51 + 0.005
0.59 + 0.004

0.63 + 0.008

36.14 + 0.14
71.27 £ 0.10

50.26 + 0.01

0.89 £ 0.020
0.90 + 0.190

1.13 £ 0.19
5.01 £ 0.07
3,24 + 0.01
5.75 + 0.06

0.70 £ 0.007

500

11.29 £+ 0.23
6.46 + 0.09

0.72 £ 0.010

2000

KI

3.07 £ 0.16
6.10 £ 0.01

0.71 £+ 0.006
0.90 £+ 0.009

0.70 £ 0.007

0.56 £+ 0.008

78.26 + 0.06

15.71 + 0.01

0.79 £+ 0.001

0.70 + 0.002

2000 + KI

density (icorr), passivation (Ep,ss), re-passivation potential (Ep,)
and pitting potential (Ey;) are presented in Table 3. The for-
ward potential scan shows regions of active corrosion and pas-
sivation, while the reverse scan shows regions of pitting and re-
passivation. The E.,, and i., were derived by extrapolating
the cathode—anode potential transition in the active region
around + 10 mV. The addition of 1-benzylimidazole is
observed to shift the E.,,, more anodically from —247.09 mV
in the blank solution to —232.55 mV in the presence of
2000 ppm inhibitor. The inhibitor addition also attenuates
both cathodic and anodic currents. The observed extent of
potential shift, however, is not enough to qualify 1-benzylim-
idazole as a purely anodic corrosion inhibitor (Onyeachu et al.,
2021). Rather, the inhibitor is a mixed—type inhibitor with
slightly more anodic impact. 1-benzylimidazole impacted a
similar anodic effect on carbon steel corroding in acidic
H,S + COjy-saturated solution (Onyeachu et al., 2021). This
anodic effect suggests that 1-benzylimidazole is more inclined
to mitigate the stainless steel active corrosion in 1 M HCI at
60 °C by interfering more with the Fe - Fe?*" and Cr - Cr**
oxidation processes, rather than H" — Hj(e) reaction. By
donating free electrons from the nitrogen and C—C active cen-
tres into the unfilled d-orbitals of Fe and Cr, the inhibitor
supresses oxidative dissolution of the alloy. The suppression
of the anodic processes shunts the electron flow that sustains
cathodic reduction of H'. This explains why both cathodic
and anodic currents are lowered upon 1-benzylimidazole addi-
tion. At 2000 ppm dosage, the corrosion inhibitor suppresses
the stainless steel corrosion with 70.76 % efficiency. The addi-
tion of KI, alone (E¢ory = —195.64 mV) and in combination
with 1-benzylimidazole (E..., = —181.67 mV), exerts further
anodic shift on the corrosion potential and further lowers cor-
rosion current density. This I effect elevates the 1-benzylimi-
dazole inhibition efficiency to 81.36 %. Given the competitive
synergism existing between I and 1-benzylimidazole
(Se = 0.85) and the changes in E_, in the presence of KI,
we are compelled to posit that the competitive adsorption of
I” could instigate 1-benzylimidazole to interact more with
CI" ions to boosts the anodic inhibition mechanism. This
mechanism significantly diminishes Fe - Fe>* and Cr — Cr* ™"
oxidation.

The mechanism of passivation is the same whether the
stainless steel corrodes in the acid without and with 1-ben-
zylimidazole and 1-benzylimidazole + KI. The inhibitor sys-
tems appear to have insignificant effect on the passivation
potential and current. The inhibitor addition, however, lowers
the pitting potential (Ep) from 174.88 mV in blank to
133.24 mV with 2000 ppm 1-benzylimidazole and 124.54 mV
with 1-benzylimidazole + KI, as Table 3 shows. This result
strongly suggests that the 1-benzylimidazole and 1-benzylimi
dazole + KI corrosion inhibitor systems mostly decrease the
corrosion rate of the stainless steel during its active corrosion.
During passivation, however, the growing oxide/hydroxide
scales seem to depreciate the adsorption of the inhibitor species
because they block the outward diffusion of Fe?* and Cr’*
ions from the substrate to the reaction front where interaction
with both 1-benzylimidazole and I" usually occurs. This would
weaken the adsorption strength between substrate and inhibi-
tor species, thereby, encouraging detachment of the adsorbed
inhibitor layer. This detachment is liable to open new active
sites which trigger localized pitting corrosion on the alloy sur-
face. Howbeit, the reverse CPDP scan shows negative hystere-
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500 ppm, 2000 ppm, 1 mM KI and 2000 ppm + 1 mM KIL.
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Table 3 CPDP parameters derived for SS316L stainless steel during corrosion in 1 M HCI at 60 °C without and with 1-
benzylimidazole 500 ppm, 2000 ppm, 1 mM KI and 2000 ppm + 1 mM KI.

System — Ecor(mVag lcorr Epit E, Eyii — E;p,  — Anodic Anodic nose — %IE
AgCl) (mA (mVag (mVag (mVag nose Ecorr
cm ) AgCl) AgCl) AgCl) (mVag/agct) (mVag/agct)

Blank 247.09 2.36 174.88 120.98 53.90 162.57 —84.52 -
500 ppm 227.43 1.66 141.95 87.93 54.02 140.66 —86.77 29.73
2000 ppm 232.55 0.69 133.24 22.51 110.73 155.12 —77.43 70.76
1 mM KI 195.64 1.28 134.96 65.97 68.99 127.43 —68.21 45.76
2000 ppm + 1 mM 181.67 0.44 124.54 21.65 102.89 99.10 —82.57 81.36
KI

sis loops for all tested conditions, whereby lower current den-
sities are acquired compared with the forward scan (Tait, 2018;
Esmailzadeh et al., 2018). This implies plausibility of the alloy
to self~heal and repair any damage to its passive layer, both
without and with corrosion inhibitor (Tait, 2018;
Esmailzadeh et al., 2018). Nevertheless, larger size of hysteresis
loop is also indicative of greater damage to a passive film and
more difficulty in self-healing (Esmailzadeh et al., 2018). When
Fig. 5(a) is compared with other results in Fig. 5, it can be
affirmed that the inhibited system can achieve self-healing
more readily, especially the l-benzylimidazole + KI, than
the alloy in the blank solution. This self-healing may be
achieved when the inhibitor species penetrate into the localized
pits (where Fe?" and Cr’* are rapidly released from sub-
strate), adsorb therein and seal the pits/encourage protective
Fe/Cr—oxide/hydroxide re-growth. The ease of re—passivation
and the persistence of the re—passivated layer can be assessed
by the nobility of re-passivation potential (£,,) and the anodic
nose, relative to the corrosion potential (E.or) (Tait, 2018;
Esmailzadeh et al., 2018). The nobler the E,, and anodic nose
values, relative to the E..,,, the easier is the re—passivation and
more persistent is the re—passivated layer (Moravcik et al.,
2021; Loto and Solomon, 2021). The values of E,,, and anodic
nose are nobler with respect to their respective E..,., values, in
the inhibited solutions, compared with the blank solution.
These results confirm that l-benzylimidazole is an effective
corrosion inhibitor for 316L stainless steel in 1 M HCI at
60 °C, and that the addition of 1 M KI provides further boost
to this effectiveness.

3.3.3. Cyclic voltammetry (CV)

The mechanism of corrosion inhibition by 1-benzylimidazole
and 1-benzylimidazole + KI formulation was further eluci-
dated using the cyclic voltammetry. For all the tested condi-
tions, the voltammograms in Fig. 6 reveal two anodic and
cathodic peaks, each, in the forward and reverse potential
scan. Both peaks in the forward scan occur within the potential
range where the alloy exhibits passivation, as the CPDP results
previously showed. These peaks are the anodic currents ema-
nating from the rate of oxidation of Fe and Cr into oxides
and hydroxides during the corrosion (Ait Albrimi et al.,
2011; Mulimbayan and Mena, 2016; Knapp and Wren,
2012). Higher current values in the voltammograms, therefore,
depict higher rate of corrosion and greater susceptibility to
localized corrosion like pitting. Lower current values depict
slower rate of oxidation leading to slower rate (and more
stable) rate of growth of the passive layer. The voltammo-
grams confirm that the addition of 1-benzylimidazole in the

1 M HCI solution at 60 °C clearly diminished the current
peaks, and this effect is more established when 1 mM KI is
added. This confirms that 1-benzylimidazole and I" adsorption
shunts electron transfer between anodic surface and cathodic
sites on the corroding alloy. This shunting also explains why
the cathodic peaks in the reverse scan exhibit the least current
values in the 1-benzylimidazole + KI system. These peaks
must be signals from several reduction reactions involving
H' - H», Fe’' - Fe and Cr’" — Cr (Ait Albrimi et al.,
2011; Mulimbayan and Mena, 2016; Knapp and Wren,
2012). Nevertheless, the voltammetry peaks for both uninhib-
ited and inhibited stainless steel appear around the same
potentials during both forward and backward scans. This con-
firms the CPDP result which showed that the stainless steel
passivation mechanism is not altered, but strongly enhanced,
by the presence of both 1-benzylimidazole and I" in the acid
solution.

3.4. Effect of time

The weight loss and electrochemical results confirm that 1-
benzylimidazole is an efficient inhibitor against the corrosion
of SS 316L stainless steel in 1 M HCI solution at 60 °C, and
its combination with KI is even more formidable for protecting
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Fig. 6 Cyclic voltammetry results obtained for SS316L stainless
steel during corrosion in 1 M HCI at 60 °C without and with 1-
benzylimidazole 500 ppm, 2000 ppm, 1 mM KI and
2000 ppm + 1 mM KI.
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the alloy. However, these are only short-term performances.
Depending on the extent of scaling on heat exchangers, acid
cleaning operations could involve long term contact (up to
72 h (Onyeachu and Solomon, 2020) between the acid solution
and the stainless steel material. For this reason, the perfor-
mances of 1-benzylimidazole, KI and 1-benzylimidazole +
KI were investigated after 72 h immersion, and the results
obtained are presented in Table 1. Compared with the results
obtained after 6 h immersion, the stainless steel generally expe-
riences an increase in both weight loss and corrosion rate, after
72 h. The inhibition efficiency for each corrosion inhibitor sys-
tem also decreased. Since the uninhibited and inhibited alloy
could passivate in the short run, as confirmed by the electro-
chemical measurements, this increase in weight loss and corro-
sion rate after 72 h implies that the passive layer becomes
deteriorated and inhibitor desorption sets in.

Over the 72 h, more corrosion-inducing species like H*/
and CI” ions accumulate at the alloy-solution interface. They
become enabled to compete more strongly (for adsorption)
with the inhibitor species. For instance, the CI” ions are well-
known to form soluble metal complexes which induce localized
degradation of the passive layer and detachment of adsorbed
corrosion inhibitor species (Onyeachu et al., 2020). The passive
layer consumption increases its porosity and promotes out-
ward diffusion of Fe>* and Cr’" ions to leave the underlying
alloy substrate and migrate to the passive layer-solution inter-
face for the replenishment of lost Fe/Cr-oxides/hydroxides
and/or interaction with corrosion inhibitor species. When the
changes in inhibition efficiency between 6 h and 72 h are con-
sidered, it appears that, during the longer immersion time, the
greater attack by H" /and CI” ions affects the performance of
1-benzylimidazole (from 65.12 % =+ 1.87 to 56.98 % + 1.42)
more than it affects the performance of iodide ions (from 59.91
% =+ 1.42t0 56.07 % =+ 1.94). This observation is remarkable
because it buttresses our previous position that the competitive
adsorption of iodide ions at the anode could compel 1-ben-
zylimidazole to interact more synergistically with Cl™ ions.
Thus, the stronger bond between Fe/Cr and iodide ions makes
desorption more difficult, whereas the accumulated CI™ ions at

the alloy surface induces passive layer deterioration more than
synergism with 1-benzylimidazole. This iodide effect is also the
reason that, although the efficiency of the 1-benzylimidazole +
KI system depreciated from 85.03 % =+ 0.44 (6 h) to 73.91 %
+ 0.39 (72 h), it still provided the best protection compared
with the individual inhibitors. This observation, therefore,
underscores the importance of iodide ions in the formulation
of organic-based acid cleaning corrosion inhibitors. In Table 4,
a comparison is made between the efficiency of some reported
corrosion inhibitors and the efficiency of our 1-benzylimida
zole + KI system for stainless steel corrosion inhibition in acid
solutions at elevated temperatures.

3.5. SEM characterization

The Fig. 7 represents the surface morphologies exhibited by
the 316L stainless steel alloy after 6 h immersion in 1 M HCI
solution at 60 °C without and with 2000 ppm 1-benzylimida
zole + 1 mM KI. In Fig. 7(a), a highly degraded surface char-
acterizes the stainless steel surface after corrosion in the
absence of the 1-benzylimidazole + 1 mM KI inhibitor for-
mulation. Patches of smooth surfaces are heavily surrounded
by large pits propagating into large and deep holes that expose
the interior of the alloy. At some other portions, the holes are
relatively shallower, but definitely represent some layer detach-
ment from the alloy surface. The smooth patches are attribu-
ted to the areas where passivation has been sustained on the
alloy surface during the immersion duration. The shallower
holes represent regions where passivation extends deeper into
the alloy surface and is, somewhat, sustained even after some
delamination. On the other hand, the regions showing large
and deep holes indicate regions of greater susceptibility to
localized chloride attack which converts protective oxides/hy-
droxides into soluble chlorides. When 1-benzylimidazole +
1 mM KI is added to the acid solution, Fig. 7(b) shows that
the pits on the alloy become smaller in size and shallower in
depth. A layer is seen to cover the alloy surface and shield
the tiny pits and alloy surface from the corrosion environment.
This confirms that the corrosion inhibitor system adsorbs and

Table 4 Comparative analysis of the performance of 1-benzylimidazole + KI and some reported corrosion inhibitors for stainless

steel corrosion inhibition in acid solutions at elevated temperatures.

S/ Inhibitor system Corrosion system Inhibitor Temp. Maximum inhibition Ref
N Dose (°C) efficiency (%)
1 Rhodamine azosulfa 304SS in 1 M HCI 1.0x 103 M 60 °C 62.86 (Abdallah, 2002)
drugs
2 Adenine 304SSin 1.1 M HCl 05x10° M 60 °C 60.0 (Scendo and Trela,
2013)
3 Garlic extract 304SSin 1.1 M HCl 10 cc/L 70 °C 87.9 (Asfia et al., 2020)
4 Amino cadalene 321SSin 1 M H,SOs 1.0x10°> M 50 °C 16.15 (Koumya et al.,
2020)
5 Barley agro-industrial ~ AISI 304 in 1g/L 52 °C 53.40 (Matos et al., 2018)
waste H,SO,
6 Egg shell powder 321SSin 1 M H,SO, 10 g/L 35°C 91.16 (Sanni et al., 2019)
7 Egg shell powder 201SS in 1 M HCI 21 x 10° M 45 °C 63.90 (Fouda et al., 2018)
8 5-Azidomethyl-8- AISI 321 in 5.5 M 22%x 102 M 60 °C 49.00 (Mazkour et al.,
Hydroxyquinoline H;PO,4 2021)
9 I-benzylimidazole SS316 Lin 1 M HCI 2000 ppm 60 °C 71.27 This Work
2000 ppm + 1 mM 60 °C 85.03

KI
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Fig. 7 SEM-EDX surface images (x1000) for SS316L stainless steel after corrosion in 1 M HCI at 60 °C (a,c) without and (b,d) with

2000 ppm 1-benzylimidazole + 1 mM KI.

enhances the re—passivation of the stainless steel during the
acid corrosion, in accordance with the CPDP finding. The
associated EDAX results in Fig. 7(c) and (d) provides impor-
tant information which could support the proposed adsorption
mechanism of 1-benzylimidazole. The lower composition of Cl
detected on the alloy surface in the absence of inhibitor
strongly supports that the attack on the passive layer causes
substantial dissolution of the formed chlorides (i.e. loss from
the surface). On the other hand, the chloride ions facilitate
inhibitor adsorption since the alloy displays higher Cl compo-
sition (which are reasoned to be domiciled on the surface). The
1-benzylimidazole adsorption is further confirmed by the
detection of N in the EDAX result of Fig. 7(d).

3.6. Proposed mechanism

Preliminary works have shown that 1-benzylimidazole exists,
most likely, as a cationic species in an acid solution
(Onyeachu et al., 2021). On this basis, the following mecha-
nism can be suggested to explain the corrosion inhibition char-
acteristics of 1-benzylimidazole and the influence of iodide
ions on 1-benzylimidazole performance. As a cationic species,
1-benzylimidazole can adsorb on both cathodic and anodic

sites on the alloy surface, but it is more inclined to anodic
adsorption  through electronic interaction with the
incompletely-filled d-orbitals of Fe>* and Cr®". This anodic
interaction is enhanced by CI” ions pre-adsorbed on the stain-
less steel surface. Once effectively adsorbed on the stainless
steel surface, the inhibitor layer extends its hydrophobic phe-
nyl group into the solution phase which then repels incoming
corrosion-inducing species, especially, the CI” ions. This
encourages simultaneous inhibitor adsorption and passive
layer formation and, eventually explains the remarkable corro-
sion inhibition efficiency recorded in the HCI solution contain-
ing 2000 ppm 1-benzylimidazole. When KI is added to the 1-
benzylimidazole-containing acid solution, the negatively-
charged iodide ions compete with the 1-benzylimidazole in
order to interact electrostatically with the Fe’*/Cr®" on the
stainless steel surface. This competition, which is confirmed
by a synergism parameter less than unity, constrains 1-ben-
zylimidazole to interact with Fe**/Cr’* through pre-
adsorbed CI ions, as confirmed by the SEM-EDX characteri-
zation. In the short run, this competitive adsorption favours
greater anodic site coverage, as confirmed by the E..,, values
in the CPDP measurement. In the long run, however, the accu-
mulation of more CI ions at the stainless steel surface could
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Fig. 8 Schematic representation of the inhibition mechanism of 1-benzylimidazole and synergistic influence of iodide ions.

induce passive layer deterioration through localized pitting
corrosion, rather than facilitate a stronger l-benzylimida
zole—Cl™ ion—Fe?" /Cr’" interaction. This proposed mecha-
nism is elucidated in the schematic representation in Fig. §.

4. Conclusion

In this work, we have investigated 1-benzylimidazole and its mixture
with KI as a promising low-toxic corrosion inhibitor system to mitigate
the corrosion of heat exchanger-type stainless steel alloy SS 316 L during
acid cleaning in 1 M HCl solution at 60 °C. Weight loss measurements,
after 6 h and 72 h immersion periods, enabled us to optimize 1-benzylim-
idazole concentration and analyse the effect of time on the performance
of the 1-benzylimidazole + KI mixture. Electrochemical measurements
with the optimum 1-benzylimidazole concentration enabled the deter-
mination of inhibitor mechanism, while SEM-EDX characterizations
elucidated the impact of the 1-benzylimidazole + KI mixture to protect
corrosion-induced surface degradation of the alloy. The conclusions
drawn from the results obtained can be summarized. As a single inhibitor
molecule, 1-benzylimidazole mitigates the stainless steel corrosion
through adsorption, more preferentially, on the anodic sites to suppress
oxidation reactions which lead to alloy dissolution in the acid. The
adsorption, which follows the Freundlich isotherm, improves the char-
acteristics of the stainless steel passive layer through synergistic interac-
tion with pre-adsorbed Cl ions. At an optimum concentration of
2000 ppm, 1-benzylimidazole impacts an inhibition efficiency approxi-
mately 65 % after 6 h, but this efficiency decreases to approximately
57 % after 72 h. The addition of 1 mM KI to 2000 ppm 1-benzylimida-
zole significantly boosts the inhibitor efficiency to approximately 85 %
and 74 % after 6 h and 72 h, respectively. Nevertheless, the iodide ions
compete for anodic adsorption with 1-benzylimidazole, thus, encourag-
ing the synergism between 1-benzylimidazole and Cl ions. The extent of
this synergism, however, slightly depreciates in the long run (72 h) due to
competition with localized pitting corrosion induced by the accumulated
CI ions at the stainless steel surface. Compared with literature reports,
the 1-benzylimidazole + KImixture is, certainly, a promising corrosion
inhibitor to protect stainless steel heat exchangers during acid cleaning at
high temperature.
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