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ABSTRACT

The inhibition efficiency of a sodium gluconate in controlling corrosion of copper immersed in potable water has been
evaluated by in the absence and presence of Zn2+. The formulation consisting of SG and Zn2+ has excellent inhibition
efficiency (IE). The inhibition efficiency (IE%) was found to increase with increasing the concentration of the inhibitor.
Electrochemical impedance spectroscopic technique (EIS) exhibit one capacitive loop indicating that, the corrosion
reaction Is controlled by the charge transfer process. Polarization measurements showed that the inhibitor is of mixed
type. Further, the surface analysis via scanning electron microscope (SEM), energy dispersive x-ray analysis (EDX),
atomic force microscope (AFM) and water contact angle technique shows a significant improvement on the surface
morphology of the copper plate. The result of water contact angle technique induced by the lotus effect in copper on the
surface is superhydrophobic nature.
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INTRODUCTION

Corrosion is a prevailing destructive phenomenon in science and technology. As per literature survey, the
cost due to corrosion in many countries is as high as 3-5 % of the GNP i.e. wasteful in terms of economy of
any country [1-3]. This represents a huge amount of money which should have been channeled into the
provision of basic social amenities in these countries. The exposures can be severe to the properties of the
metals as well as age of metals also, thus lead to ritual failure of materials in service.

Among all metals, copper has been one of the most common metals used for industrial and domestic
purposes due to its excellent electrical conductivity, good mechanical workability, low cost, and other
relatively noble properties. A variety of environmental factors can easily cause the corrosion of copper.
Thus, copper corrosion and its inhibition have attracted the attention of a number of investigators [4-8]
Copper (Cu) and copper alloys have been used from prehistoric times, and their present day importance
is greater than ever before [8]. Copper is one of the most important nonferrous materials [9,10] being
widely used in various industries, including water distribution networks and cooling systems [8,10].
During the last decades, copper has been intensively used in microelectronics [11], owing to its
combination of excellent workability, high thermal and electrical conductivities, attractive mechanical
properties over a wide range of temperatures [8], high electrical conductivity and high resistance to
electro-migration, which in turn results in greater circuit reliability and markedly higher clock frequency
[12]. The long term operation of Cu equipment in contact with water solutions depends to a large extent
on the corrosion resistance provided by Cu passivity. The passive film on Cu is usually characterized by a
duplex oxide structure with an inner cuprous oxide and an outer cupric hydroxide [13]. The corrosion
resistance of Cu passivation films is strongly depends on the chemical composition of water. Copper is
poorly passivated in chloride-ions containing water (fresh, brackish and seawater) [9,10]. Various types
of inhibitors are frequently used in water systems to improve Cu corrosion resistance. Copper is
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characterized by its high electrical and thermal conductivities and good mechanical workability [14]. The
main objective of the present study is to investigate the inhibitory effects of the binary inhibitor
formulation containing Zn?+ with SG in corrosion protection of different metals in potable water using
surface analytical techniques were also used to investigate the nature of the surface film.

MATERIAL AND METHODS

Materials

The composition of copper steel used for corrosion inhibition studies was (Wt %): 1.57% Zn, 0.0297% Fe,
0.0103% Ni, 0.0053% Si, 0.0087% and balance being Cu. The specimens of size 1.0cmx4.0cmx0.2cm were
press cut from the copper sheet, were machined and abraded with a series of emery papers. This was
followed by rinsing in acetone and bidistilled water and finally dried in air. Before any experiment, the
substrates were treated as described and freshly used with no further storage. The inhibitors Zn2+ and
SG were used as received. A stock solution of 1000ppm of SG was prepared in bidistilled water and the
desired concentration was obtained by appropriate dilution. All solutions were using potable water
(Perambalur, Tamil Nadu, India). The study was carried out at room temperature. The physico-chemical
parameter shown in Table 1 and molecular structure of SG is given inFig 1.
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Figure 1. Molecular structure of Sodium Gluconate

Table 1. Physico-chemical parameter of potable water

Parameters Values

pH 7.84

TDS 251ppm
Chloride 30ppm
Alkalinity 113ppm

Total Hardness 102ppm
Conductivity 358pmhos/cm

Electrochemical studies

Both the potentiodynamic polarization studies and electrochemical impedance spectroscopic (EIS)
studies were carried out using the electrochemical workstation model CHI-60D and the experimental data
were analysed by using the electrochemical software (Version: 12.22.0.0).The measurements were
conducted in a conventional three electrode cylindrical glass cell with platinum electrode as auxiliary
electrode and saturated calomel electrode as reference electrode.

The working electrode was copper embedded in epoxy resin of polytetrafluoroethylene so that the flat
surface of 1cm2 was the only surface exposed to the electrolyte. The three electrodes set up was
immersed in control solution of volume 100ml both in the absence and presence of the inhibitors
formulations and allowed to attain a stable open circuit potential (OCP). The pH values of the solution
were adjusted to 7.0 and the solutions were unstirred during the experiments.

Polarization curves were recorded in the potential range of -750 to -150mV with a resolution of 2mV. The
curves were recorded in the dynamic scan mode with a scan rate of 2mVS-1 in the current range of -20mA
to +20mA. The Ohmic drop compensation has been made during the studies. The corrosion potential
(Ecorr), corrosion current (Icorr), anodic Tafel slope ($a) and cathodic Tafel slope (c) were obtained by
extrapolation of anodic and cathodic regions of the Tafel plots. The inhibition efficiency (IEp) values were
calculated from the Icorr values using the equation.

1]
Icorr -1 corr
(%)IE,= —— X 100
corr
Where Icorr and I'corr are the corrosion current densities in case of control and inhibited solutions
respectively.
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Electrochemical impedance spectra in the form of Nyquist plots were recorded at OCP in the frequency
range from 60KHz to 10MHz with 4 to 10 steps per decade. A sine wave, with 10mV amplitude, was used
to perturb the system. The impedance parameters viz., charge transfer resistance (Rct),double layer
capacitance (Cdl) were obtained from the Nyquist plots. The protection efficiencies (IEim) were
calculated using the equation,

Rct - R'ct

(%) IEjpy =———— x 100
R'ct

Where Rct and R’ct are the charge transfer resistance values in the absence and presence of the inhibitor
respectively.
Scanning electron microscope (SEM)
The mild specimen was immersed in blank and in the presence of inhibitor formulation. After seven days
the specimen was taken out, washed with triple distilled water and air dried and observed in a Scanning
Electron microscope examine the surface morphology. The SEM images of the surface of the specimens
were obtained using VEGA3-TESCAN model in the Central Instrument Facilities. National College,
Tiruchirappalli-620 002.
Energy Dispersive Analysis of X-ray (EDX)
EDAX (Model: BRUKER Nano Germany) system attached with Scanning Electron Microscope was used for
elemental analysis or chemical characterization of the film formed on the copper. As a type of
spectroscopy, it relies on the investigation of sample through interaction between electromagnetic
radiation and the matter. So that, a detector was used to convert X-ray energy into voltage signals. This
information was sent to a pulse processor, which measured the signals and passed them into an analyzer
for data display.
Atomic Force Microscope (AFM)
Atomic force microscopy is a powerful method for the gathering of roughness statistics from a variety of
surfaces. These exciting new techniques that allows surface to be imaged at higher resolutions and
accuracies than ever before. The protective films are examined for a scanned area. AFM is becoming an
accepted technique of roughness investigation [15-18].AFM provided direct insight into the changes in
the surface morphology takes place at several hundred nanometers’ when topographical changes owing
to the initiation of corrosion and formation of protective film on to the metal surface in the with and
without addition of inhibitors respectively. All the AFM images were recorded on a Pico SPM2100 AFM
instrument operating in contact mode in air. The scan size of all the AFM images are 15pmx15um areas at
a scan rate of 0.20(Hz) lines per second.
Water Contact Angle
In order to evaluate the contact angle experimentally, the sessile droplet method was used. The sessile
droplet rested on a horizontal substrate by a syringe. The substrate was illuminated by a light source, and
then a picture was taken by using a high-resolution camera (10.1 Mpixle SONY camera). The image was
processed by computer by software made for this reason.

RESULTS AND DISCUSSION

Potentiodynamic Polarization technique

The potentiodynamic polarization plots of copper immersed in potable water at pH 7.84 in the absence
and presence of inhibitor system are shown in Figure 2. The corrosion parameters of Tafel plots are given
in Table 2.
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Figure 2. Polarization curves of copper immersed in potable water in the absence and presence of
inhibitors (Tafel plots)
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Various Tafel parameters, i.e., corrosion potential (Ecorr), corrosion current density (icorr), anodic Tafel
slope (Ba), cathodic Tafel slope (c) and the inhibition efficiency (IEp) are given in Table 2. The results of
Table 2 show that corrosion potential, (Ecorr) in the case of blank is -38mV/SCE and the corresponding
corrosion current density (icorr) is 6.837A/cm2. The anodic Tafel slope is 67mV and cathodic Tafel slope
is 119mV. It is clear that for the combination of 10ppm Zn2+ and 100ppm SG the corrosion potential is
shifted to -11mV/SCE and its corrosion current density is also reduced, compared with the blank.
Corrosion potential is slightly shifted to anodic region and the shift in anodic Tafel slope (69mV) is
greater than the shift in cathodic Tafel slope (108mV). Corrosion potential shift >80mV suggests that the
inhibitor formulation acts as mixed type inhibitor according to Ferreira, W.H. Li and C. Thangavelu [19-
21].The corrosion current is significantly decreased from 6.837A/cm2 to 0.984 A/cm?2.

The decrease in corrosion current density indicates that the rate of corrosion is minimized in the
presence of Zn2++SG system due to the formation of protective film on the metal surface and the decrease
in metal dissolution.

Table 2. Corrosion parameters of copper immersed in the absence and presence of inhibitor
obtained by potentiodynamic polarization studies

Concentration (ppm) | Tafel parameters
IEp
Ecorr . 0,
SG In2+ mV vs SCE | €orT A/cm2x10-6 | BamV/decade | fc mV/decade | (%)
Blank - -0.038 6.837 67 119 -
100 10 -0.011 0.984 69 108 86

Electrochemical Impedance Spectroscopic studies

Nyquist plots for the corrosion behaviour of copper immersed in potable water in the absence and
presence of inhibitor system are shown in Figure 3. The impedance parameters, i.e.,, charge transfer
resistance (Rct), double layer capacitance (Cdl) and inhibition efficiency (IEimp) calculated from the
Nyquist plots are given in Table 3.
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Figure 3.Electrochemical impedance curves of copper immersed in absence and presence of
inhibitors (Nyquist plots)

Table 3.A.C impedance parameters of copper immersed in the absence and presence of inhibitor
obtained by A.C impedance spectra

Concentration

(ppm) Charge transfer Resistance, Rct (Q) | Double layer capacitance, Cdl CPE pF/cm2 | IEim (%)
SG In2+

Blank | - 107.09 28.595 -
100 10 1104.00 0.262 90

The impedance diagrams obtained are not perfect semicircles and this difference has been attributed to
frequency dispersion as a result of roughness in homogenates of the electrode surface [22]. The charge
transfer resistance values are calculated from the difference in impedance at lower and higher
frequencies, as suggested by Tsuru and Haruyma [23]. To obtain the double layer capacitance, the
frequency at which the imaginary component of the impedance maximum, Zim (ohm), is found and Cdl
values are obtained from the equation:
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The experimental data obtained from Nyquist plots are fitted by the equivalent electrical circuit shown in
Figure 4.

f (-Zmax") =

CPE

R

Figure 4.. Nyquist plots are fitted by the equivalent electrical circuit

Such an equivalent circuit was also discussed by several researchers who obtained similar depressed
semicircles with a single time constant [24-26]. In this case, the constant phase element, CPE is
introduced in the circuit instead of a pure double layer capacitor to give a more accurate fit [27].

In the present study, a small semicircle (a) with Rct value of 107.09Q is observed for the blank. When the
combination of 10ppm Zn2+ and 100ppm SG is considered in the presence of the blank a large depressed
semicircle (b) is observed from high frequency to low frequency directions in the Nyquist curves,
indicating that the charge transfer resistance becomes dominant in the corrosion processes due to the
presence of a protective film on the copper surface.

This result is supported by the significant decrease in Cdl and an increase in Rct value. The semicircle
obtained in the presence of Zn2++SG represents and Rct value of 1104, which is greater than that
observed in the case of the blank (Figure 4a). A large value of Rct implies a lower icorr and hence, lower
corrosion rate [22]. The Cdl value at the metal/solution interface is found to decrease from
28.595pF/cm2 in the case of blank to 0.262uF/cm2 in the case of the binary inhibitor formulation. The
high, Cdl value is due to a large increase in the surface area caused by the presence of corrosion product
onto the copper surface [23]. It is well known that the capacitance is inversely proportional to the
thickness of the double layer [24]. Decrease in the capacitance, which can result from a decrease in the
local dielectric constant and or an increase in the thickness of the electrical double layer, strongly
suggests that the inhibitor molecules are adsorbed at the metal/solution interface [25].

The value of inhibition efficiency is considerably increased in the presence of the binary inhibitor system,
suggesting a decrease of in homogeneity of the interface during inhibition process. These results
indicated that there is a formation of protective film in the presence of the binary inhibitor formulation.
The inhibition efficiency obtained from impedance studies is found to be 90%. This is in good agreement
with the inferences drawn from potentiodynamic polarization studies.

Scanning Electron Microscopic studies (SEM)

7 WE R 00 WY Wik thalman | i VATAY THAC EM P 3O RV WA VAR e i { VENAY TESCAN
Ve Rk 420 - Ot 51 Ll Wi vkl 458 e e BE AE s
Bl AL A3 s Bareimstyy BRGAAR HATHALLL CON LG TRy AFM MAL 2R s Damspmadys OF AR MATIRA, GO TG T
Figure 5.SEM images of copper surface immersed in a) potable water (blank)b) 10ppm

Zn2++100ppm SG
Scanning electron microscopy (SEM) was analyzed to study the surface morphology of the copper
immersed in the absence and presence of inhibitor formulations. Figures 5a and Figure 5b show SEM
images of copper surface immersed in the absence and the presence of the inhibitor formulation
respectively. It could be seen from Figure 5a (100um) reveal that the surface is strongly damaged, fault
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the metallic properties and there is formation of different forms of corrosion products on the surface in
the absence of the inhibitor formulation. It further shows that the corrosion products appear very uneven
and the surface layer is too rough. Figure 5b (100pum) reveal that SEM image of polished copper
immersed in the inhibitor solution are in good conditions having smooth surfaces.

It is important to stress that when the inhibitor is present in the solution, the morphology of the copper
surface are quite different from the previous one. It is noted that the formation of a protective film, which
is uniformly distributed on the whole surface of the metal. This may be interpreted as due to the
adsorption of the inhibitor on the metal surface incorporating into the passive film in order to block the
active site present on the copper surface. Thus, the protective film covers the entire metal surface. This
observation also accounts for the high inhibition efficiency values obtained during the polarization
studies of the inhibitor system. This indicated that the inhibitor molecules hindered the dissolution of
iron by forming a protective film on the copper surface and thereby reduced the corrosion rate. So, SEM
analysis shows the protective nature of the surface film [28].

Energy Dispersive X-ray Analysis (EDX)
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Figure 6. EDX images of copper surface immersed in a) potable water (blank) b) 10ppm
Zn2++100ppm SG

The composition of protective film formed on the copper surface was analyzed using EDX as shown in
Figure 6a and Figure 6b. The EDX spectrum of copper sample immersed in potable water absence of
inhibitor molecules was failed because it is severely weakened due to the corrosion as shown in Figure
6a. Figure 6b shows the spectrum of the system containing 10ppm Zn2++100ppm SG. The decrease of
copper peak and appearance of carbon, oxygen, sodium and zinc peak was observed due to the formation
of a strong protective film of the inhibitor molecules on the surface of copper sample [29]. The action of
inhibitor is related to adsorption and formation of a barrier film on the electrode surface. The formation
of such a barrier film is confirmed by SEM and EDX examination of copper surface.
Atomic Force Microscopic studies (AFM)
Atomic force microscopy (AFM) is a very high resolution type of scanning probe and it is considered to
one of the most powerful techniques to investigate surface morphology. AFM is a powerful technique to
investigate the surface morphology at nano to micro-scale and has become a new choice to study the
influence of inhibitors on the generation and the progress of the corrosion at the metal/solution interface
[30]. The topography of the surfaces recorded in 2D and 3D images was examined and surface roughness
(RRMS), average roughness (Ra), maximum peak to valley height were determined from the respective
images. Table 4 shows various AFM parameters obtained for the copper surface immersed in different
environments. Figure 7a is observed after immersion in the blank in the absence of the inhibitor, with an
increased Ra value 64.5nm (RRMS) value 88.6nm and maximum peak to valley height value of 163.2nm,
indicating the formation of copper oxides. The root-mean-square (RRMS) roughness is found to be 88.6
nm, which clearly indicates the high roughness of the corroded copper surface. The microstructure of the
surface shows many smaller and larger corrosion product deposits. However, Figure 7b shows that the
copper immersed in inhibitor formulation, 10ppm Zn2+ and 100ppm SG showed a decreased Ra value
10.9nm.

Table 4. AFM parameters of copper surface immersed in the absence and presence of inhibitor

systems
Samples RRMS (Rq) Average (Ra) Maximum Peak - to -
P Roughness (nm) | Roughness (nm) | valley Height (nm)
Absence of inhibitor
system(blank) 88.6 64.5 163.2
Presence of inhibitor 13.4 109 414
system
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RRMS value of 13.4nm and maximum peak to valley height is 41.4nm, which indicates the formation of a
protective film on the metal surface. The decrease in RRMS roughness from 88.6nm in the case of the
blank to 13.4nm observed in the case of the inhibitor formulation, clearly infers the greater homogeneity
and smoothness of the surface film produced by the inhibitor formulation and the absence of any
corrosion product deposits. Further, these results are confirmed by the clearly visible differences among
the optical cross section analysis. The metal surface was covered with a protective film, thereby, forming
a barrier against attack by aggressive ions from the corrosive environment.

0pm 5 10

168 pm

LM pm

Figure 7. AFM images of copper surface a) in potable water(blank)
b) 10ppm Zn2++100ppm SG

Water Contact Angle (WCA) measurement technique

The contact angle measurement were analyzed the nature of wettability, whether it is a super
hydrophobic or hydrophilic. Figure 8a shows copper surface immersed in potable water, surface highly
porous, more roughness (WCA 83°+2°) due to copper surface get hydrophilic nature. Figure 8b shows
copper surface immersed in the presence of inhibitor formulation10ppm Zn2++100ppm SG smoother
surface appear (WCA 158°%4°) beside the surface gets super hydrophobic nature [31]. This confirms the
adsorption of a super hydrophobic protective film adsorbed onto the copper surface in the presence of
inhibitor molecule.

Figure 8. WCA images of copper surface immersed in a) potable water (blank)b) 10ppm
Zn2++100ppm SG
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CONCLUSION

The maximum corrosion inhibition efficiency offered by the formulations consisting of 10ppm of Zn2+
and 100ppm of SG was 90%. Polarization study revealed the inhibitors inhibit copper through mixed type
inhibitor. Electrochemical impedance spectroscopy (EIS) results confirm the formation of protective film,
which has a very high charge transfer resistance of the inhibitors at copper in potable water interface.
The results of SEM and EDX images indicate the protective film formation on the surface is corroborated
by AFM images of copper. Water contact angle measurements revealed the formation of a
superhydrophobic nature of protective film. Based on the electrochemical studies and spectroscopic
techniques, a suitable mechanism has been proposed for Zn2++SG systems.
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