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ABSTRACT

In this study we have reported sodium tartrate (ST) and Zn?* as the potential mixed corrosion inhibitors
for copper corrosion in drinking water, by using electrochemical impedance and polarization techniques.
The results of potentio-dynamic polarization indicated that sodium tartrate could be used as mixed type
inhibitor with Zn?*. ST was found to be 92% effective for slowing down both the anodic and cathodic reac-
tion rates. It was additionally found that ST could coat the surface of copper to prevent it from conducting
electricity. As the inhibitor concentration increased, the stability of the formed protective layer was also
improved. The results obtained from studies like SEM, EDAX, AFM, and water contact angle clearly indi-
cated the development of a barrier by inducing the lotus effect on copper surface. The water contact angle
measurement results suggested that the coating formed in the presence of inhibitor was superhydropho-
bic, and the surface was homogeneous.
© 2023 The Author(s). 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

applications. However, despite its significant resistivity, it would
be susceptible to corrosion in aggressive conditions (Antonijevic

A 3-4% loss of world’s GDP productivity is mainly due to corro-
sion in industry. However, another 20% of this loss can be pre-
vented by the use of proper corrosion protection methods (Philip
and Schweitzer, 2010; FinSgar and MiloSev, 2010). Thus, the goal
of corrosion study has been to find ways to diminish or prevent
the damage. Copper due to its good properties has wide range of
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and Petrovic, 2008). Thus, it is necessary to use the corrosion inhi-
bitors in such conditions to prevent the copper corrosion. The dis-
solution of copper at anodic site is the main reason for the
corrosion process. The electrode reactions on the copper surface
can generally control copper dissolution and corrosion rates
(Kear et al., 2004). Corrosion inhibitors are used to reduce copper
rust because they can slow down corrosion when the metal is
exposed to harsh conditions or when corrosive ions like chloride
or sulphate are present. Studies reported that both anodic and
cathodic corrosion could be reduced by using corrosion inhibitors
(Cao, 1996). The anodic dissolution of copper is decelerated, and
at the cathode the amount of oxygen or hydrogen reduced on the
surface of copper when an inhibitor is added to a corrosive envi-
ronment. The concurrent inhibition of the anodic and cathodic cor-
rosion can be achieved with the help of a mixed inhibitor (Khaled
and Hackerman, 2003).
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Mostly nitrogen/sulphur/phosphorous-containing heterocycles
can act as inhibitors to protect the metal surfaces from deteriora-
tion in acidic environments (Habib, 1998; Mohanasundaram
et al,, 2022; Feng et al., 2011) due to the coordination behavior
of these heterocycles with the metal atoms (Antonijevi¢ and
Petrovic, 2008). The efficiency in inhibiting the corrosion is an
important factor to consider when determining how effective a
corrosion inhibitor would be in a given setting (which is estimated
from variations in corrosion rate). It is well recognized that a num-
ber of variables, including the kind of metal, the environment, the
chemical make-up and structure of the corrosion inhibitor, and the
electrical (electrostatic) characteristics of the corrosion inhibitor,
can affect its effectiveness. It is noteworthy to mention that the
effectiveness of corrosion inhibitors has increased and thanks to
the research and development. The studies indicated that the capa-
bility of corrosion inhibitors to prevent copper from corrosion
could be determined by their ability to form a film via polymeriza-
tion, p-p and vander waals contacts, bond strength to the surface of
metal, and the presence of heteroatoms such as oxygen, nitrogen,
and Sulphur. It was suggested that the stability in extreme condi-
tions, including temperature, pH, and the presence of corrosive ele-
ments, would be particularly crucial (Ramesh and Rajeswari, 2005;
Szdcs et al., 2005). Generally, ions of organic acids with nucle-
ophilic substituents (Cabrin et al., 2020) show the ability to act
as corrosion inhibitors due to their coordination ability to the
metal surface. Thus, tartrate-based inhibitors are thought to be
the most effective and thanks to their chelating ability, (Cabrin
et al., 2020).

The primary goal of the current study was to use electrochem-
ical methods to investigate the anti-corrosion effects of sodium
tartrate and Zn** on copper in potable water. In this study, the sur-
face coating was examined by utilizing the surface analytical
techniques.

2. Materials and methods
2.1. Materials

A copper steel with composition of 1.57% Zn, 0.0053% Si,
0.0297% Fe, 0.0103% Ni, and 0.0087% Cu was used for corrosion
prevention studies. Press cuts, machining, and emery papering
were used to create copper specimens that measured 1.0 x 4.0 x
0.2 cm. Then, it was rinsed with acetone and double distilled water
before being air-dried. Prior to any experiment, substrates were
made as stated above and used immediately. Both Zn?>* and ST
were incorporated as such without any changes. A 1000 ppm stock
solution was used to further prepare the various diluted solutions
(concentrations) of ST. In this work. drinking water from Peram-
balur, Tamil Nadu, India was utilized for all of the solutions. This
research work was conducted at normal room temperature. Table 1
displays its physicochemical parameters of potable water.

Table 1

List of Physico-chemical parameters of potable water.
Parameters Values
pH 7.84
Total Hardness 102 ppm
TDS 251 ppm
Conductivity 358 wmhos/cm
Alkalinity 113 ppm
Chloride 30 ppm
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2.2. Electrochemical studies

An electrochemical workstation (model CHI-60D) was used in
order to carry out the conducting electrochemical impedance spec-
troscopic (EIS) studies and potentio-dynamic polarization studies.
The electrochemical software was employed to analyze the exper-
imental data (Version: 12.22.0.0). The experiments were carried
out in a three-electrode glass cell equipped with a platinum auxil-
iary electrode and a saturated calomel reference electrode. 1 cm? of
copper was used as the working electrode and it was implanted in
polytetrafluoroethylene epoxy resin. The three electrodes
immersed in 100 ml of control solution were allowed to reach open
circuit potential (OCP) both in the absence and presence of inhibi-
tors. By not tampering with the mixture, the pH of the solution was
kept at 7 throughout the testing.

The polarization curves were acquired with a precision of 2 mV
from —750 to —150 mV. Dynamic scan mode at 2 mVS~! in the —20
to +20 mA range was used to record the curves. The Ohmic drop
was accounted in the studies. The corrosion potential (Eco), cur-
rent (Ieo), anodic Tafel slope, and cathodic Tafel slope were all
extrapolated from the anodic and cathodic Tafel plots respectively.
IE, value was determined from I, values, by using the following
equation;

chl’l‘ - I/
(%)IEp ——2 x 100
CorT
leorr and I'corr are blank, and corrosion-inhibited current densities.

At OCP, we measured the electrochemical impedance spectra at
a frequency range of 60 kHz to 10 MHz, with a resolution of 4 to 10
steps per decade. Sine wave of 10 mV was used to jolt the system. A
Nyquist plot was used to determine the resistance to charge trans-
fer (R.t) and double-layer capacitance (Cq;), and the following equa-
tion was used to get the protection efficiencies (IE;y).;

Ret — Rlct x

IE; 100
(01Eim g
Values for charge transfer resistance before (R.) and after the

addition of an inhibitor (R’¢;) were provided.

2.3. Scanning electron microscopic (SEM)

The metal specimens were submerged in blank and the
inhibitor solutions separetely. After seven days, the sample was
collected, cleaned in triple-distilled water, allowed to air dry, and
then examined under a scanning electron microscope for analysis.
The VEGA3-TESCAN model was used to capture SEM images of the
specimens’ surfaces.

2.4. Energy dispersive analysis of x-ray (EDAX)

By connecting an EDAX (Model: BRUKER Nano Germany) to a
scanning electron microscope, the elements on the copper covering
were examined. This method examined a sample by exposing it to
electromagnetic radiation. A detector was used to transform X-ray
photons into electrical impulses. A pulse processor received these
signals and analyzed them by a data display analyzer.

2.5. Atomic force microscope (AFM)

Surface roughness can be accurately measured with the use of
AFM. As a result of these modern advancements, surface scanning
can now be performed with greater precision and in detail. The
protective film was scanned. More frequently, AFM is being used
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to assess the roughness (Bharathi et al., 2012; Sukumar et al., 2012;
Wang et al., 2022; Zahid et al.,, 2011). With the use of AFM, the
variations in surface morphology (at a few hundred nanometers)
brought on by the formation of corrosion and a protective layer
containing and lacking inhibitors may be seen clearly. The Pico
SPM2100 was used to take all of the AFM images in air contact
mode. All of the AFM images were 15 by 15 pum and the scan rate
were 0.20 Hz.

2.6. Water contact angle

By using sessile droplets, we empirically assessed the contact
angle. A syringe provided life support for the sessile droplet. The
substrate was photographed using a high-resolution camera
(10.1 Mpixle SONY camera) while it was lit. A computer with the
dedicated photo editing software was used to alter the image.

3. Results and discussion
3.1. Potentiodynamic polarization

Fig. 1 shows the potentio-dynamic polarization of copper in
potable water at pH 7.84 with and without inhibitor. The Tafel
parameters for corrosion of copper immersed in the potable water
obtained by potentio-dynamic polarization studies with and with-
out inhibitor are listed in Table 2. The corrosion potential and the
corrosion current density of blank were found to be —0.038 mV/
SCE and 6.837 Ajcm? respectively as shown in Table 2. Tafel slopes
at the anode and cathode were 67 and 119 mV, respectively. This
could be attributed to the dissolution of copper at anodic sites
leading to the formation of adsorbed Cu species (Cusgs) and such
anodic dissolution could be due to the following mechanism
(Simonovic et al., 2020).

Cu < Cuyg™ + e~ (fast)

Cuygst —Cusq™ + e (slow)

It was observed that for a solution containing 10 ppm Zn?* and
100 ppm ST, the corrosion potential was shifted to —0.009 mV/SCE,
and accordingly the corrosion current density also dropped when
compared to the blank. The Tafel slope both at anode (81 mV)
and cathode (136 mV) were found to be greater than that of blank.
The reports conveyed if the hybrid inhibitors were present then the
shift in the corrosion potential would be around or above 80 mV
(Ferreira and Giacomellic, 2004; Li et al., 2008; Sudhakaran et al.,
2015). From Table 2, it was noted that the current due to corrosion
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Fig. 1. Polarization curves for copper immersed in potable water in the absence (a)
and presence (b) of sodium tartrate (Tafel plots).
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was dropped from 6.837 A/cm? to 0.707 A/cm?. The acquired data
demonstrated that a protective layer was formed on the metal sur-
face as a result of the presence of Zn?" and ST inhibitors by reduc-
ing corrosion and metal disintegration, as demonstrated by the
decrease in corrosion current density due to the presence of hybrid
inhibitors. This was mainly due to the formation of complex
between adsorbed copper species and inhibitor, viz. [Cu*-Inh],qs.

3.2. Electrochemical impedance spectroscopic studies

Nyquist plots for copper corrosion in potable water with and
without inhibitors are displayed in Fig. 2. Table 3 provides the val-
ues for the charge transfer resistance (R.), double layer capaci-
tance (Cq), and inhibition efficiency (IEimp). It was discovered
that the rough electrode surface, which was reflected in the impe-
dance diagram, was what caused the frequency dispersion (Zarrok
et al., 2012). According to a report, the system’s frequency affected
the value of the charge transfer resistance (Sudhakaran et al.,
2015). The frequency at which Zmax (ohms) is greatest can be used
to compute the Cdl as given in the equation below;

1 ]

The equivalent electrical circuit depicted in Fig. 4 was used to fit
the experimental data that was collected from Nyquist plots. A sec-
ond constant circuit was employed simultaneously (Deepa et al.,
2015; Appa Rao et al., 2010) to produce the same indented semicir-
cles. Instead of using a simple double-layer capacitor, a constant
phase element (CPE) was used here (Satapathy et al., 2009). From
Table 3, the R of the blank was found to be 107.09. From Fig. 3,
a significant depressed semicircle in the Nyquist curves (b) was
observed at low frequency direction and the diameter of semicir-
cles was increased at high frequency direction in the presence of
10 ppm Zn?* and 100 ppm ST, conveying that the charge transfer
resistance became dominant in corrosion processes due to a pro-
tective coating on the copper surface.

The decreased Cg; and the increased R values buttressed the
results. The R, value of the semicircle was found to be 1317.43
when Zn?* and ST were present. In addition to the lowering of icor
and corrosion, a high R, value was also found to facilitate the
mechanical stability (Zarrok et al.,, 2012). It was observed that
the Cq; value at the metal/solution interface was found to decrease
from 28.595 F/cm? (the blank case) to 0.185 F/cm? due to the pres-
ence of the binary inhibitor formulation. C4 was found to be high
because of the increased surface area of copper due to corrosion
products (Sudhakaran et al., 2015). It was studied that the double
layer thickness would have a negative effect on the capacitance
(Deepa et al., 2015). Therefore, the decrease in capacitance was a
sign of the inhibitor molecules adsorbing at the metal/solution
interface, where the local dielectric constant would decrease, and
the electrical double layer’s thickness would increase. Therefore,
it was proposed that a binary inhibitor strategy might enhance
inhibition effectiveness by reducing interface inhomogeneity. The
presence of the binary inhibitor would also result in a barrier.
The report of this impedance study indicated that the inhibitory
efficiency was found to be 92%. Hence, it was suggested that this
would be also useful for potentio-dynamic polarization study.

3.3. SEM analysis

SEM was used to examine the surface morphology of copper
while it was submerged in water and an inhibitor. Fig. 4a and 4b
show the SEM images of copper surfaces with and without inhibi-
tor. Corrosion, compromised metallic characteristics, and the sur-
face corrosion products were all evident from Fig. 4 illustrating
what would happen without the inhibitor formulation. Also, SEM
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Table 2
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Tafel parameters for corrosion of copper immersed in the potable water obtained by potentio-dynamic polarization studies both in the absence and presence of inhibitor.

Concentration (ppm) Tafel parameters IE,
ST n** Ecorr icorr Afcm? x 107 p. mV/decade p. mV/decade (%)
mV vs SCE
Blank - —0.038 6.837 67 119 -
100 10 —0.009 0.707 81 136 90
FEL IR (N St S ol HSY S S O (S i O O S r e U [ Sy S U UDF MR S (i Gl L0 S
14 ]
1.2
J
1.0- -
08 a 10ppm Zinc ions+100ppm ST b s
£ » * o
S 06 s . -
= +
N 1 * &
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*
0.2 e L
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Fig. 2. Electrochemical impedance curves for copper in potable water (a) the absence and (b) presence of sodium tartrate (Nyquist plots).
Table 3
A.C impedance parameters for copper in potable water in the absence and presence of inhibitor obtained by A.C impedance spectra.
Concentration (ppm) Charge transfer Resistance, R.(Q) Double layer capacitance, Cg; CPE pF/cm? IEimp (%)
ST Zn**
Blank 107.09 28.595 -
100 10 1317.43 0.185 92

CPE

R,

Fig. 3. Equivalent circuit employed to fit Nyquist plot.

image revealed a rough surface suggesting the uneven corrosion
phenomenon in the absence of inhibitor as seen in Fig. 4b whereas
smooth, polished surface of copper was observed in an inhibitor
solution as seen in Fig. 4a.

The inhibitor had a significant impact on the structure of the
copper surface. A uniformly dispersed protective coating was pro-
duced across the entire surface of the metal. The inhibitor’s adsorp-
tion and subsequent absorption into the passive film inhibited the
corrosion active site on the surface of copper, completely encasing
the metal in the barrier. Thus, it was suggested that the high values
of inhibitory efficiency found in the polarization investigations
make sense. The inhibitor molecules covered the surface of copper
and thus prevented further oxidation. Thus, the SEM study evi-
denced that the surface of the film could act as a protective layer
(Sudhakaran et al., 2022).

3.4. EDAX analysis

The EDAX results of the copper coating analysis are displayed in
Fig. 5. As shown in Fig. 5a, the damage due to corrosion of the cop-
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Fig. 5. EDAX analysis of copper surface (immersed in potable water) (a) without inhibitors; (b) with 10 ppm Zn?* and 100 ppm ST.

per samples (CuO and Cuy0) submerged in drinking water was
observed without inhibitor molecules. Fig. 5b shows the EDAX
spectrum of copper system with 10 ppm Zn**+100 ppm ST. As seen
in Fig. 5b, the presence of a thick layer of inhibitor molecules on
the sample’s surface resulted in a weakening of the copper peak
and the development of additional peaks attributable to carbon,
oxygen, salt, and zinc [Amin, 2006]. As a result, it was proposed
that inhibitors were adsorbed onto the electrode surface, where-
upon they may create a protective layer. Thus, both SEM and EDAX
analyses supported the formation of a copper barrier layer.

3.5. Atomic force microscopic (AFM) studies

In common, atomic force microscopy (AFM) focuses on the
investigation of surface morphology by using a scanning probe
with a very high resolution. The atomic force microscope (AFM)
is a novel and advanced technique for analyzing the effect of inhi-
bitors on corrosion at the metal/solution interface because of its
ability to examine nano to microscale surface morphology
[Satapathy et al., 2009]. From 2D and 3D images, we calculated
the root-mean-square (Rgys) roughness, the average roughness
(Ra), and the maximum peak-to-valley height of the surfaces.
AFM parameters for submerged copper surfaces are listed in
Table S1 (vide supplementary file). The results showed that the
immersion of copper in the blank without an inhibitor led to the
formation of copper oxides as seen in Fig. 6a, which exhibited an

increased R, value of 64.5 nm, Rgys of 88.6 nm, and maximum peak
to valley height of 163.2 nm. The roughness of the corroded copper
surface, measured as its root-mean-square Rgys, was found to be
88.6 nm conveying the deposition of visible large and minute cor-
rosion products on the surface microstructure of copper. Whereas
both Ra and Ryys were drastically decreased to 6.9 nm 7.4 nm
respectively when copper was submerged in a solution containing
10 ppm Zn?* and 100 ppm ST as shown in Fig. 6b due to the pres-
ence of more homogeneous surface when compared to that of
blank without inhibitor.

With a peak-to-valley height of 23.4 nm and an Rgys of 7.4 nm,
it could be stated that the metal surface was coated for protection.
The decrease in Rgys value from 88.6 nm (in the blank) to 7.4 nm
(in the presence of inhibitor) was the indication of increased coat-
ing uniformity and smoothness, as well as the absence of corrosion
product deposition. The variance discovered in the optical cross-
section study supported these findings. Thus, AFM analysis con-
firmed the formation of a coating on the surface of the metal to
shield it from corrosion.

3.6. Water contact angle (WCA) measurement analysis

As illustrated in Fig. 7, the contact angle was used to determine
the degree of wettability, or whether the substance was super
hydrophobic or hydrophilic. From Fig. 7a, it was observed that
the copper that was exposed to drinking water without an inhibi-
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Fig. 6. AFM images of copper surface (immersed in potable water) (a) without inhibitors; (b) with 10 ppm Zn?* and 100 ppm ST.

Fig. 7. WCA image of copper surface (immersed in potable water) (a) without inhibitors; (b) with 10 ppm Zn?* and 100 ppm ST.

tor possessed a very porous and rough surface with a WCA of
83°2¢. As shown in Fig. 7b, the WCA was seen to rise by 164°4°
when the copper surface contained 10 ppm Zn?* and 100 ppm
ST, demonstrating that the surface became extremely hydrophobic.
This was primarily caused by the coating of the inhibitor’s polar

group on the copper’s surface whereas its non-polar group being
directed towards the bulk solution, which produced a homogenous
and hydrophobic contact. As a result, our work successfully estab-
lished the existence of a copper surface with a superhydrophobic
coating that is capable of adsorbing an inhibitor.
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4. Conclusion

In this study, ST was reported as a potential corrosion inhibitor
for copper in the potable water. Based on the polarization studies,
it was confirmed that it was a hetero (mixed) type of inhibitor that
could prevent the corrosion of copper. This study reported that the
inhibitor including 10 ppm of Zn?* and 100 ppm of ST attained a
maximum corrosion inhibition efficacy of 92%. The findings of elec-
trochemical impedance spectroscopy (EIS) demonstrated the for-
mation of a protective coating on the surface of copper immersed
in drinking water in the presence of inhibitor. The results obtained
from SEM, EDAX and AFM images also confirmed the presence of a
protective coating on the surface of the copper. Finally, the results
of the contact angle tests, clearly conveyed that the coating formed
on the surface of copper in the presence of inhibitor was indeed
extremely homogeneous and hydrophobic in nature.
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