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Industrial heat exchangers and cooling systems usually develop scales on their internal walls, which impede fluid flow, diminish their thermal
conductivities and, hence, their efficiencies. Restoring these qualities requires pickling with acid solutions, especially, HCI which forms very
soluble products of scales. Without adding efficient corrosion inhibitor chemicals to the pickling solutions, serious corrosion attack on the
substrates accompanies the acid pickling process. Identifying prospective corrosion inhibitor chemicals with green environmental profile and
high efficiencies becomes imperative for many industries. Herein, we employed weight loss, electrochemical impedance spectroscopy (EIS) and
potentiodynamic polarization (PDP) to investigate the mixture of S—methyl-1H-benzotriazole (SMB) and potassium iodide (KI) as efficient
corrosion inhibitor systems for heat exchanger-type alloy (70Cu-30Ni) against corrosion in 1 M HCI solution. The addition of KI boosts the
inhibition efficiency of SMB from <74 % to <96 %. The SMB + KI mixture impacts a strong anodic shift in corrosion potential (Ecorr) and
boosts the passivation of the alloy. The inhibitor mixture is also very efficient to diminish the extent of surface microstructural degradation of
the alloy, based on characterizations by atomic force microscopy (AFM) and scanning electron microscopy (SEM).

Keywords: Copper-nickel alloy; Passivation; Corrosion inhibition; Acid pickling; Polarization.

1. INTRODUCTION

here is a physical and surface microstructural deterioration

that occurs when industrial heat exchanger tubes and
cooling water systems are subjected to acid corrosion during
pickling [1-3]. It is initiated and sustained by the alterations in
electrode potential of the alloy due to simultaneous oxidation
and reduction reactions occurring on its surface. Although
these alloys are selected because of their generally good
corrosion resistance, their protective passive layers can
succumb to acid attack during industrial pickling activities.
Acid pickling is an inevitable industrial practice whereby
dilute mineral acids are used to dislodge corrosion and
production scales that have developed on the surfaces of heat
exchangers and cooling systems [4,5]. Given that chloride ions
usually form more dissoluble products with these scales, HCIl
is the mostly used acid pickling agent in the industry [6,7].
While dissolving the scales, however, the acid also corrodes
the underlying alloy substrate, deteriorates its surface
microstructure and weakens its material strength. It is for this
reason that industries add corrosion inhibitors into the acid
solution to block such attack [8-16]. One of the most
important alloys for fabricating heat exchangers and cooling
water systems is copper-nickel (Cu-Ni) alloys, especially the
nickel-rich 70Cu-30Ni.

Cheapness, natural abundance, and environmental
benignity are important criteria that edge organic corrosion

inhibitors over their inorganic counterparts. They are usually
characterized by the presence of nitrogen, oxygen and/or
sulfur heteroatoms (held within aromatic rings containing C=C
groups). These inhibitors possess free non-bonding and pi
electrons that interact with d-orbitals of the alloy metal atoms
to initiate adsorption and formation of protective hydrophobic
surface films [17-20]. For acid corrosion of copper Cu-Ni
alloys, azole derivatives (such as benzotriazoles) are
sufficiently efficient corrosion inhibitors [21-30]. Deductions
from experiments show that the azoles impede the corrosion of
copper alloys either through a chemical interaction (leading to
a complex formation) or a physical interaction (leading to
adsorbed film formation). Furthermore, the efficiencies of acid
corrosion inhibitors are significantly boosted by adding very
low doses of metal iodides (especially potassium iodide, KI)
[31-35]. Since azoles are usually protonated in acid solutions,
their adsorption and inhibition efficiencies are significantly
boosted in the presence of halide ions, especially iodide ions
(I"). The iodide anions cause the alloy surface to become
negatively charged thereby enhancing attraction/interaction
between the protonated inhibitor species and the alloy surface.
In this work, we investigate the efficiency of 5—methyl-1H—
benzotriazole (SMB), Figure 1, (singly and mixed with KI) to
mitigate 70Cu-30Ni corrosion in 1 M HCI solution.
Previously, we had reported the efficacy of SMB and SMB +
KI inhibitor system to protect steel in similar acid system [36].
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Our motivation to extend investigation of this inhibitor system
to Cu—Ni alloy is because an inhibitor system that can protect
a variety of industrial alloys will save cost and maximize
profit for the industry. As an environmentally safe molecule,
5MB belongs to category 4 in the globally harmonized system
of oral toxicity classification, has a partition coefficient of 1.4,
and lethal dosage of 1600 mg/kg [37-39]. For this work, we
employ weight loss technique to understand how SMB (alone
and mixed with KI) diminishes the corrosion kinetics. We
augment the weight loss results with electrochemical
assessment to showcase the mechanism of inhibition, using
electrochemical impedance spectroscopy (EIS) and
potentiodynamic polarization (PDP). We further employ
atomic force microscopy (AFM) and scanning electron
microscopy (SEM) to peruse the extent of surface protection
provided by the SMB + KI mixture.

2. EXPERIMENTAL SECTION
2.1. Preparation of inhibitors and alloy substrate

A stock 5SMB solution was prepared in isopropanol and
calculated aliquot volumes withdrawn from the stock were
diluted to 100, 250, 500 and 1000 ppm using the acid solution.
Acid solution containing KI was prepared by dissolving 0.166,
0.83 and 1.66 g of KI in the HCI solution. The elemental
composition of the 70Cu—30Ni alloy was previously reported
[12,26]. The dimensions of specimen used for weight loss
gave a working surface area of 23.63 cm? whereas the
electrochemical specimen was mounted in epoxy resin and the
surface area of 1 cm? was exposed for the measurements.
Before the weight loss or electrochemical testing, the alloy
coupons were polished with different grit emery papers (up to
800 grit size), followed ultrasonic cleaning in a mixture of
ethanol-water solution, and dried [40].

2.2. Weight loss measurements

Weight loss experiments were performed by immersing
duplicate samples of 70Cu—30Ni coupons for 48 h in 200 mL
of 1 M HCI without and with (i) 100, 250, 500 and 1000 ppm
SMB, (ii) 1, 5, 10 mM KI, and (iii) 1000 ppm SMB + 10 mM
KI. Post immersion treatment involved retrieving the coupons
from test solutions, cleaning them according to the ASTM G1-
03 standard procedure [41], and reweighing them to determine
weight loss (AW) according to Equation (1). From the weight
loss, the corrosion rate (v, mm/yr) was calculated according to
Equation (2); such that p = density of the 70Cu—30Ni (8.94 g
cm?), T = immersion time (48 h), and 4 = surface area of the
coupons (22.63 cm?). Similarly, the corrosion inhibition
efficiency (% IE.w) was calculated from the weight loss
results, according to Equation (3).

AW (g) - M')tbefore immersion) — W[after immersion)

(1)
AW X 87600
v (mm/yr) = TAXPXT @)
% IE = 1 — —Wowithnhibitor) 0 1
aw AW (without inhibitor) 3)

2.3. Electrochemical assessment

The electrochemical measurements were conducted on a
Gamry 600 potentiostat. The experiments were conducted
after immersing the alloy for 48 h at 25 °C in the acid solution
devoid of and containing the following: (i) 100 to 1000 ppm of
5MB, (ii) 1, 10 mM KI, and (iii) 1000 ppm 5MB + 10 mM KI.
The electrochemical circuit consisted of the 70Cu—30Ni
coupon as test electrode which had its potential varied with
reference to a silver-silver chloride electrode, while a graphite
rod completed the circuit as an auxiliary electrode. The
criterion for attaining a steady-state equilibrium potential
(OCP), prior to any electrochemical corrosion testing, was
satisfied by allowing the coupons to corrode freely in the
various test solutions for thirty minutes. The parameters for
EIS characterization were as follows: (i) sinusoidal potential
perturbation = 10 mV vs. OCP, and (ii) frequency range = 10°
Hz to 102 Hz. The parameters for the PDP characterization
were as follows: (i) potential scan range = (-0.25 V vs. OCP)
to (+1.70 V vs. Ref.), and (ii) potential scan rate = 0.5 mV/s.
The efficiency of corrosion inhibition (% IE) was estimated
from the respective electrochemical techniques based on
Equations (4 & 5).

Rtotal(without inhibitor)

% IEEIS. = 1 - X 1{)0
Rtptal(with inhibitor) 4)
Icorr{with inhibitor)
% IEppp =1 — - s = x 100
Leorriwithout inhibitor) 5)

2.4. Surface characterization

After allowing the alloy to corrode freely in the acid
solution for 48 h without and with SMB + KI, the surface
morphology was observed with the aid of an atomic force
microscope (Stromilingo DIY AFM), Thereafter, the Gwydion
software embedded in the AFM instrument was further
employed to analyze the images and obtain three-dimensional
images of the bare and pre-corroded alloys in addition in the
statistical analysis of the generated images. Additionally, we
ascertained the extent of surface degradation using the Ziess
Evo 50 XVP scanning electron microscope.

3. FINDINGS AND DISCUSSION
3.1. Weight loss

The extent by which SMB mitigates against the corrosion
of 70Cu-30Ni alloy is evidenced by the weight loss and
corrosion rate values in Table 1. The addition of SMB
consistently suppressed the weight loss experienced by the
alloy from 0.032 g + 0.007 (in the absence of inhibitor) to
0.008 g + 0.001 (with 1000 ppm 5MB). This amounted to a
corrosion inhibition efficiency approximately 75 % delivered
by the maximum inhibitor dose tested. By lowering the
amount of weight loss experienced by the alloy, SMB exhibits
the ability to block reactive anode and cathode sites where
rapid oxidation and reduction reactions are occurring
concurrently on the alloy surface. The loss in weight during
corrosion usually occurs predominantly due to anodic
processes like Cu and Ni oxidation into Cu®/Cu?* and Ni**,
respectively [42,43]. The electrons released from these anodic
sites are simultaneously taken up at cathodic sites to sustain
the reduction reaction.
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Given that copper (Cu), the parent metal in the alloy, is more
noble than hydrogen (H) in the electrochemical series, it is
unlikely that

2HY +2e” =H,

would be the major cathodic reaction. Rather, the Cu and Ni
dissolution at anodic sites would be sustained by the cathodic
reduction of oxygen

4AH' + 0, + 4~ = 2H,0

as previously reported [44]. This blockage of active sites is
courtesy of adsorbed SMB molecules. The adsorption can
mitigate either (or both) anodic and cathodic reactions. Anodic
reactions are blocked via the donation of lone electron pairs
from the triazole nitrogen atoms into the incompletely—filled
d—orbitals of Cu and Ni atoms. The donation of electrons into
these orbitals suppresses the propensity for the atoms to
oxidize. In addition, SMB can also adsorb on anodic sites via
the electrostatic attraction between its protonated form and
anionic species (like Cl7) already pre-adsorbed (due to
enormous Cu’/Cu?" and Ni** cations generated at such sites).
On the other hand, SMB adsorption can truncate cathodic
reactions because its protonated molecules competitively
adsorb to lower the influence of H" on the reduction of O..
Since the 5MB is larger in size than HY, its adsorption would
cover more cathodic surface area, increase the hydrophobicity
of the cathodic regions, and shunt the electrochemistry of the
corrosion process. This explains why SMB addition reduces
the extent of weight loss experienced by 70Cu—30Ni alloy
during corrosion in 1 M HCI solution.

Thermodynamically, the mode of adsorption
demonstrated by organic corrosion inhibitors on metal
surfaces can be described by fitting corrosion inhibition
efficiency/surface coverage and inhibitor concentration data
into adsorption isotherms. In this work, SMB adsorption on
the Cu-Ni surface was tested by fitting results into the
Langmuir, Temkin and Freundlich isotherms. According to the
Equation (6), a direct proportionality between the degree of
surface coverage by inhibitor (0) and the inhibitor
concentration (C) indicates a Langmuir-type adsorption
(where only a monolayer of adsorbed inhibitor forms on the
surface, and that inhibitor-inhibitor interactions are
insignificant) [45]. A Temkin-type adsorption follows

Equation (7) and yields a straight line in the plot of 8 vs.In C.
If inhibitor adsorbs via the Temkin model, as depicted by
Equation (8), it implies that inhibitor molecules partake in
some positive or negative interaction with one another, which
usually leads to the formation of homogenous or heterogenous
multilayer on the alloy surface. The degree of inhibitor
interaction is deduced from the value of (o) [46]. On the other
hand, a Freundlich-type adsorption requires a direct
proportionality between the logarithms of 0 and C, from which

the degree of metal surface heterogeneousness and intensity of
1

inhibitor adsorption () can be extrapolated. The Freundlich-

0<ic<c1

type adsorption is very probable if n , but is modest

1

or improbable, respectively, if n_  orm >1 [47]. As
Figure 2(a) reveals, the Langmuir isotherm describes, most
accurately, the mode of SMB adsorption on the Cu-Ni alloy

surface because the plot exhibits the best agreement between
experimental and fitting plots and has the highest R? value,
compared with the Temkin and Freundlich models in Figures
2(b) and (c), respectively. Furthermore, the thermodynamic
spontaneity with which SMB adsorbs to form the monolayer
film was predicted from the AG.¢s value, according to the
relationship in Equation (9) whereby R is the universal gas
constant (8.314 J K~'mol™), T is absolute temperature, and the
amount of water molecules is 10° ppm [48]. The calculated

-1
negative value of AGas =—23.89 k] mol is

consistent with a spontaneous and highly feasible inhibitor
adsorption.

c_ 1
5 rmtC ()

1 1
8:__:11“6_5‘:(3‘15 (7)
logd =10gf(’ads+1—l?log6) ®)

AG,gs = —RTIn (10°K ) ©)

The addition of KI also impacted positively on the
corrosion resistance of the alloy. According to Table 1, the
maximum KI concentration (10 mM) delivers an inhibition
efficiency of approximately 59 %. The application of KI to
boost the efficiency of conventional acid—cleaning corrosion
inhibitors is well-known. The I" ions from KI interact with the
abundant Cu’/Cu?" and Ni** ions to form thin films of
insoluble iodides. Although the corrosion—causing CI™ ions are
the more abundant anions in the acid solution (and are also
capable of similar interaction with Cu*/Cu?>" and Ni*" ions),
the larger ionic radius of I” ion enables it to displace a Cl~ ion
from the alloy surface and lower the corrosion rate [49].
According to Table 1, the mixture of 1000 ppm 5SMB + 10
mM KI impacts a marked increase in corrosion inhibition
efficiency to approximately 94 %. It showcases an important
synergism between SMB and I ions. It is rational to attribute
the enhanced adsorption of SMB to the effect of 1" ions which
induce a net negative charge on the corroding metal surface
and, therefore, attract more cationic species in the solution,
especially the protonated 5 MB molecules. This synergism
could either be competitive or cooperative depending on the
calculated value of synergism parameter (Sp) based on

Equations (10 & 11), whereby O142 =01 +6, — (91'92),
6 = degree of surface coverage by 5SMB, & = degree of

surface coverage by I ions, and 0142 = the degree of surface
coverage by SMB + I ions. A competitive synergism, Sp < 1,
suggests that both SMB molecules and I ions compete for
adsorption sites, whereas cooperative synergism (So > 1)
indicates that the adsorption of 1" ions create a template on the
alloy surface that improves the adsorption of SMB. From the
values in Table 1, the calculated value of Sy = 1.6248 strongly
indicates a cooperative synergism offered by I” ions towards
SMB adsorption. Similar mechanism of interaction between
SMB and I ions was also reported during the inhibition of
carbon steel corrosion in 1 M HCI [45].
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3.2. Electrochemical characterization results
3.2.1. Electrochemical Impedance Spectroscopy (EIS)

The impedance behavior of 70Cu-30Ni alloy after 48 h
immersion in the blank and inhibited acid solutions is
expressed as the Nyquist plots in Figure 3(a). Under the
investigated conditions, the alloy exhibited two Nyquist arcs
comprising a small arc at the high frequency and a wider arc
spanning into the low frequency region. Similar characteristics
were reported in previous works [12,26,50]. The two Nyquist
arcs portray two phenomena taking place on the alloy surface.
The first arc at high frequency is the phenomenon that signals
a corrosion layer-solution interface, whereas the second arc at
low frequency signals the phenomenon beneath the corrosion
layer (i.e. the corrosion layer-substrate interface). Two-time
constants, as displayed in the Nyquist plots, are commonly
modelled with the electrical equivalent circuit model in Figure
3(b). The values of electrical elements Ry and CPE; describe
the corrosion layer-solution interface.
showcases the resistance of corrosion layer to porosity, while
the CPE; is a constant phase element defined by an
admittance, Y5 and a roughness parameter, ar [50]. Higher
values of Rrand lower values of Yrare indices of a protective
corrosion layer-solution interface. On the other hand, the low
frequency arc provides information about the dielectrics of
charges that have penetrated beneath the corrosion layer
(qualitatively assessed from the value of double layer
admittance, Yz) and the kinetics of charge transfer (deduced

from the charge transfer resistance, R.). Whereas Yy and Y

portray the extent of charge accumulation permitted by the
corrosion layer, the combination of Ryand R, accounts for the
effective resistance to corrosion (R,) experienced by the Cu-Ni
alloy.

The arc sizes are obviously larger when corrosion
inhibitors are present in the solution, following the increasing
order of magnitude: KI < 5SMB < 5SMB + KI. Larger arcs are
indicators of higher corrosion resistance. Using the Echem
Analyst software embedded within the potentiostat, we
extrapolated values for all the electrical elements that define
the impedance characteristics of the alloy in the absence and
presence of corrosion inhibitor systems. The values are
detailed in Table 2. The R; is the solution resistance, which is
a measure of isolation between the corroding surface and the
solution [51]. Higher values of R, are attributed to increased
isolation of corroding surface away from the corrosion agents
(i.e. greater corrosion resistance). The elements or and aq (—1
< a < 1) indicate the extent of corrosion-induced surface
roughness/inhomogeneity of the different interfaces, as well as
the inclination of the interface to behave like a resistor,
capacitor or inductor [50]. Both elements Y and o are
components of the constant phase element (CPE) which is a
more reliable parameter for describing interfacial phenomena
like adsorption of species (e.g. aqueous ions and corrosion
inhibitors) on a solid (corroding electrode) surface. The
impedance of a CPE (Zcpg) is described by Equation (12);

The element Ry

where j is an imaginary unit (j = —1)""2, w represents the
angular frequency.

Zepe = Yo (W)™ (1)

From Table 2, R, has persistently higher value when a
corrosion inhibitor is present, changing from 0.90 Q cm?in the
blank solution to 1.91, 1.20 and 2.49 Q cm?, respectively, in
the presence of SMB, KI and SMB + KI. These values reveal
the extent to which the different inhibitors isolate the alloy
surface from corrosion agents. Although the alloy shows
tendency to form a corrosion layer (given that it also displays
two Nyquist arcs in the absence of inhibitors), the corrosion
inhibitors (especially the SMB + KI mixture) significantly
improve the protection ability of the corrosion layer. The
inhibitors do this by adsorbing on the alloy surface to displace
water molecules and form hydrophobic organic layers that
isolate the alloy surface from the acid solution. Furthermore,
the highest inhibition efficiency delivered by SMB + KI
system confirms that the iodide ions effectively promote the
adsorption of protonated organic molecules, as described in
the previous section. Consequently, the resistance parameters
(Rrand R.;) are higher while the admittance parameters (Yrand
Yu) are lower in the presence of corrosion inhibitors. The
inhibitor SMB delivers a maximum efficiency approximately
74 %, which significantly increases to 96 % when 10 mM KI
is added. Furthermore, the presence of corrosion inhibitors
also increases the values of o, with the highest values
registered in the presence of SMB + KI. This suggests that the
adsorption of corrosion inhibitors also lowers the roughness
attributes of the formed corrosion layer, thus, making it
smoother, more adherent to substrate and less porous.

3.2.2. Potentiodynamic Polarization

Results obtained after potentiodynamic polarization of
70Cu-30Ni alloy in HCI solution is depicted in Figure 3(c).
Normally, corrosion in the acid solution constitutes an
electrochemical process whereby electrons shuttle between
anode and cathode active sites on the alloy surface due to
simultaneous oxidation and reduction reactions. Therefore,
potentiodynamic polarization (PDP) techniques can elucidate
the rate at which these processes occur (i.e. corrosion rate) and
the mechanism by which a corrosion inhibitor system can
impede the processes. The addition of SMB to the acid
solution minimally affects the cathodic reactions but markedly
affects the anodic reactions. Given that Cu and Ni are more
noble than hydrogen in the electrochemical series, direct H*
reduction into H, gas would not be a thermodynamically
feasible cathodic reaction in the acid. Rather, the most feasible
cathodic process would be the reduction of oxygen in the
presence of H' ions, as shown in Equation (13) [52]. The
cathodic reactions are sustained by continuous electron supply
from anodic sites where Cu/Ni oxidation predominantly occur,
based on Equations (14) and (15). The polarization curves are
similar in shapes both in the blank and inhibited acid
solutions, showcasing a significant improvement of anodic
and passivation processes unlike the cathodic reactions.

O;+4H +4e = 2H,0 (13
Cu= e” +(Cu™) =e™ +Cu?") (14)
Ni= 2e” + Ni** (15)
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When the cathodic—anodic arms of the PDP curves are
extrapolated around + 10 mV of their transition points, the
corrosion potential (Ec), corrosion current density (icor),
anodic (f.) and cathodic (f.) Tafel constants, as well
passivation potentials (Epass) and current density (ipass) W -
extrapolated [32], and the values are presented in Table 3. The
icorr» an indicator of corrosion rate, obviously decreases as the
SMB concentration increases. A maximum inhibition
efficiency approximately 73 % is recorded when 1000 ppm
was added. The KI addition similarly lowered 7., with 10 mM
concentration delivering 55 % efficiency. These results agree
well with the determinations from weight loss and EIS
characterizations. Furthermore, the values of cathodic Tafel
(Bc) do not change appreciably with respect to the blank,
unlike the observation for anodic Tafel (f.). Passivation
potential and current are also lower in the presence of inhibitor
(especially with SMB + KI mixture), which implies greater
inclination to form protective corrosion layer due to the
presence of inhibitor systems. Furthermore, the passivation
current (ipass) describes the extent of protectiveness provided
by the different corrosion layers formed by the alloy. The
lower the value of i, the less porous and more protective is
the corrosion layer.

The anodic portion of the PDP curve shows an active
region followed by a stable passivation. The observed
passivation endorses the two Nyquist arcs observed in the EIS
results. It strongly proves that SMB, KI and their mixture are
more inclined to blocking active sites where Cu and Ni are lost
via oxidation. The inhibitor systems promote the conversion of
Cu and Ni atoms into more protective corrosion products. The
mechanisms by which these active sites can be blocked by
SMB and its mixture with KI has been highlighted in the
previous sections. From the PDP curve, we observe that the
organic inhibitor alone induces wider passivation potential
range and lower passivation current, compared with the
inorganic KI. It implies that an organic surface film formed by
SMB is more protective than the inorganic products formed by
iodide ions. Therefore, a hydrophobic surface film is more
formidable to protect the Cu-Ni alloy during corrosion in the
HCI solution. When 5MB is combined with KI, we observe a
clear anodic shift of corrosion potential (E.r) and a new
passivation phenomenon. Upon closer comparison, we notice
an attempt for this new passivation to occur for the uninhibited
alloy, although it does not last. When 5MB and KI are
combined, this new passivation is now more stable but
somewhat short-lived. The resistance exhibited by Cu-Ni
alloys during corrosion in acid solutions is usually attributed
to the formation of Cu,O passive layer [53,54]. However, the
Cu0 formation is preceded by the combination of Cu™ and
ClI” ions to precipitate insoluble CuCl which triggers a
primary, short-lived passivation [53-55]. It can be reasoned
that the CuCl primary passivation is more emboldened and
stabilized when the alloy surface is more protected from
corrosion attack.

3.3. Surface characterization

After immersing 72 h in the acid solution without and
with SMB + KI, surface morphology of the alloy was probed
using atomic force microscopy (AFM) and the acquired data
were analyzed with Gwydion software. The images are

depicted in Figures 4 (a) and (b) for the blank and inhibited
conditions, respectively. The average surface roughness in the
blank solution was 0.2045 nm, while it was 0.1330 nm due to
the addition of inhibitor. The lower roughness value due to
inhibitor addition confirms a diminished extent of corrosion-
induced surface degradation. In Figures 4(c) and (d), the
surface microstructure of the Cu-Ni alloy is presented after
corroding in the acid solution without and with SMB + KI. In
Figure 4(c), the alloy surface experiences severe degradation
with several cracks and grain boundary destruction. It
confirms a highly corroded surface without an inhibitor
system. However, the alloy surface suffers less damage in the
acid containing SMB + KI, as Figure 4(d) showcases. This is
affirmation of the weight loss and electrochemical results
which prove that the corrosion of 70Cu-30Ni alloy in the HCI
acid solution can be effectively mitigated by the mixture of
5MB +KI.

4. Conclusion

In this present work, we augmented weight loss and
electrochemical techniques with surface probe analytical
techniques like AFM and SEM to investigate the efficiency of
SMB, alone and its mixture with KI, to mitigate the corrosion
and surface degradation of 70Cu-30Ni in 1 M HCI solution.
Based on the results obtained, we can conclude as follows:

1. 70Cu-30Ni alloy can protect itself from corrosion in 1
M HCI solution by forming some corrosion layer
after 48 h exposure.

2. 5MB interacts with the Cu-Ni surface by adsorbing to
improve the protectiveness of the corrosion product
layer formed by the alloy, and this adsorption follows
the Langmuir isotherm model.

3. The addition of KI to 5MB confers some anodic
influence on its corrosion inhibition mechanism and
significantly enhances the inhibition efficiency above
90 %.

4. The SMB + KI mixture also promotes the stability of
primary and secondary passivation of Cu-Ni alloy in
the acid solution.

5. The destruction of surface microstructure due to Cu-Ni
corrosion is strongly mitigated by the SMB + KI
mixture.
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Figure 1. Molecular structure of corrosion inhibitor
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Figure 3. (a) EIS result presented in Nyquist format (b) Equivalent circuit model and (c¢) potentiodynamic
polarization result after immersion of 70Cu-30Ni alloy in 1 M HCL

Figure 4. AFM and SEM images showcasing the surface profile of Cu-Ni alloy after 48 h immersion in 1 M HCI
solution (a,c) without and (b,d) with SMB + KI.
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Table 1. Weight loss and corrosion rate experienced by 70Cu—30Ni after 48 h immersion in blank and inhibited acid.

Inhibitor Conc. Weight loss (+ S.D) Corrosion Rate (+ S.D) 1IE
(5MB = ppm, KI = (8) (mm/yr) (%9)
mM)
Blank 0.032+0.007 0.289 +0.08 -
100 0.030 + 0.004 0.271 +£0.05 6.25
5MB 250 0.011 £ 0.001 0.099 +0.02 65.63
500 0.010 = 0.004 0.090 +0.05 68.75
1000 0.008 + 0.001 0.072+0.01 75.00
1 0.020 + 0.004 0.180 +0.05 37.50
KI 5 0.017 +0.004 0.153 +0.05 46.88
10 0.013 +0.000 0.117 +0.00 59.38
5MB + KI 1000 + 10 0.002 £ 0.001 0.018 +0.01 93.75

Table 2. EIS parameters derived for the corrosion of 70Cu-30Ni in 1 M HCI without and with different inhibitor

systems
CPEqg CPE;
Inhibitor Conc. Rs Ydl (VA1) Rc[ Yf o Rf (Rp = Rf 1E
(5 MB = (Q cm?) (mFem™ «Q (mFem™ «Q + Re) (%)
ppm; 2gmh cm?) Zsn!) cm?) «Q
Ki- mM) cm?)
Blank 090 =+ 314 + 0.76 + 19.72+ 095 =+ 0.70 + 7.56 + 27.28 -
0.002 0.05 0.008 2.96 0.01 0.001 0.18
SMB 100 1,17 + 524 =+ 0.78 £ 20.24 + 0.86 =+ 0.80 + 9.70 + 29.94 8.88
0.001 0.01 0.000 0.14 0.00 0.000 0.000
500 .72 + 320 =+ 0.82 + 67.90 + 1.57 + 0.80 + 23.58 + 91.48
0.014 0.02 0.002 8.63 0.00 0.001 4.85 70.18
1000 191 + 3.03 =+ 0.82 + 69.20 + 0.67 =+ 0.80 + 34.72 + 103.92
0.002 0.06 0.001 6.54 0.05 0.000 3.62 73.75
KI 10 120 =+ 411 =+ 0.76 £ 49.65 £ 1.52 =+ 0.74 £ 18.64 + 68.29 60.05
0.000 0.26 0.014 1.42 0.01 0.011 2.56
SMB +KI 1000 + 249 + 0.01 =+ 091 + 552.90 0.60 =+ 0.90 + 184.40 737.30
10 0.013 0.00 0.000 + 8.63 0.01 0.001 +6.36 96.30

Table 3. Polarization parameters derived for the corrosion of 70Cu-30Ni in 1 M HCI without and with different
inhibitor systems.

Inhibitor Conc. Ecorr leorr Ba —Be Epass Ipass % IE
(5 MB = ppm; (V/Ref) (A cm?) (mV dec™) (mV dec™) (V/Ref) (mA cm?)
KI - mM)
Blank -0.122 38.60 54 80 +0.396 119.00 -
5 MB 100 —0.125 16.56 67 77 +0.351 3.50 58.00
500 -0.127 12.89 65 78 +0.350 2.53 66.61
1000 -0.122 10.50 73 88 +0.357 2.79 72.80
KI 1 mM KI —0.129 25.01 64 87 +0.511 112.00 35.21
10 mM KI -0.117 17.37 69 83 +0.410 22.60 55.00
5MB + KI 1000 ppm + 10 mM —-0.003 3.07 91 72 +0.348 2.11 92.05

KI

10



