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Abstract

The corrosion behavior of brass in Simulated Drinking Water (SDW) without and with mineral compound (P)
has been investigated using potentiodynamic polarization, electrochemical impedance spectroscopy (EIS) and
optical microscope. The obtained results showed that the inhibitor addition significantly reduced the corrosion
current density. The inhibition efficiency increased with concentration of inhibitor to reach a maximum of 84 %
at 1000 ppm. Polarization studies showed that this inhibitor acted as cathodic type for brass in Simulated
Drinking Water (SDW). The Appropriate electric equivalent circuit model was used to calculate the impedance
parameters. The corrosion parameters obtained from polarization curves and from EIS spectra are in good
concordance and point out the inhibitory action of mineral compound (P). Optical microscope observation after
three days of immersion showed the formation of mixed products with inhibitor.
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1. Introduction

Copper and its alloys are used in marine environments, heat exchanger tubes in absorption refrigeration systems,
and water distribution systems due to their excellent electrical and thermal conductivity, good machineability,
corrosion resistance, and low cost [1-3]. They have become the material of choice in the deposition of highly
conductive interconnects on an integrated circuit. Brass is widely used as tubing material for condensers in
cooling water systems. The majority of the marine propellers are made from copper and its alloys. Although
copper and its alloys are resistant toward the influence of atmosphere and many chemicals, they are susceptible
to corrosion problems such as dezincification and pitting corrosion in aggressive media.

Brass is susceptible to a corrosion process known as dezincification and this tendency increases with increasing
zinc content of the brass [4,5]. During the past decade, many techniques have been used to minimize the
dezincification and corrosion of brasses. One of the techniques for minimizing corrosion is the use of inhibitors.
The effectiveness of the inhibitor varies with its concentration, the corrosive medium and the surface properties
of the alloy. Many inhibitors have been used to minimize the corrosion of brass in different media [6-11].

Due to these problems, organic inhibitors are being replaced by less toxic inorganic ones. The usually inorganic

inhibitors investigated for copper alloys are chromate CrO;”, molybdate MoO? , tetraborate B,O>" and

4 4
Tungstate WO~ [12,13]. Chromate is considered as efficient corrosion inhibitor due to a formation of an oxide

film on the metal surface which passivate the electrode surface, but it is also known that it can promote
corrosion acting as a cathodic reactive. However, the main drawback is the toxicity of chromate anion. The
logical alternative to hexavalent chromium is the molybdate and tetraborate species. Nevertheless, molybdate
and tetraborate showed very low inhibition effect. Also, it is not feasible to use tungstate alone as a corrosion
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inhibitor due to its low oxidizing ability and high cost. Inhibitor efficiencies for these species are: 1.56% for
molybdate, 51% for tetraborate and 78.6% for chromate [12].

The corrosion inhibition of copper and its alloys used in installations such as power generation and sea water
desalination becomes an important challenge. The inhibitory action of organic and inorganic compounds, which
are generally used are well known and widely described in the literature. It was found that most of them present
the disadvantage of high degree of toxicity and are dangerous to humans and the environment [14].

It is now required to design new environment-friendly inhibitors. Recent researches have been oriented towards
the use of corrosion inhibitors called "green” very effective, low-cost, non-toxic and biodegradable [15]. In this
regard, studies have been made on the use of rare earths as corrosion inhibitors for various types of metals and
alloys, such as aluminum, [16,17] zinc, [18,19] bronze, [20] steel [21] and manganese, [22,23] but rarely for
Brass.

In this study, mineral compound was tested as green inhibitor on brass in artificial drinking water using
electrochemical tests, such as potentiodynamic polarization and impedance spectroscopy. The morphology of
the brass surface was examined by optical microscope.

2. Materials and methods

2.1. Sample and preparation

The metal sample used in this study was brass (from National Drinking Water Office) used as tap water. The
working electrode used having the chemical composition as wt (%) 56.24 Cu, 40.494 Zn, 2.345 Pb, 0.224 Fe,
0.2135 Sn, 0.114 Ni, 0.051 Al, 0.008 Mn, 0.003 As, and 0.0013 Si. This electrode was embedded in epoxy
resin, leaving a geometrical surface area of 0.78 cm? exposed to the electrolyte. Prior to the measurements, the
exposed surface was pre-treated by using decreased emery papers grade (240, 400, 600, 1000, and 1200) and
then rinsed by double distilled water.

2.2. Electrolyte

The experiments were carried out using Simulated Drinking Water (SDW) simulating the average composition
of the drinking water. The mineral base composition was (735 mg/L CaCl,.2H,0, 493 mg/L MgSO,, 658 mg/L
NaCl, 168 mg/L NaHCOs) already used by other researcher [24]. Electrolyte pH was fixed at 7.6 + 0.2 by
titration 0.1 M HCI.

It is accepted that high chloride, low hardness and low alkalinity waters are especially prone to dezincification,
justifying the choice of this water [25]. All the experiments were carried out at room temperature (295 + 2 K).

2.3. Mineral compound characterization

Our study was focused to study the inhibition of mineral compound (P) as green inhibitor on brass in simulated
drinking water which composition indicated type Aragonite (Figure 1). Aragonite is the metastable form
calcium carbonate mainly component of pearl, coral, and shells living in many things. The color is grey and
collected near the border of the sea. The aragonite crystallizes in the orthorhombic form. This inhibitor would be
harmless of human health and friendly with the environment.

2.4. Electrochemical measurements

The electrochemical measurements were carried out using a potentiostat/galvanostat (Volta lab PGZ301). A
three-electrode electrochemical cell and instrumentation employed are standard and have been reported before
[26, 27]. A saturated calomel electrode ((SCE) E=0.24 V/SHE). A Luggin capillary minimized the Ohmic drop.
A Pt wire was used as counter electrode. Brass electrodes were pre-reduced in the corresponding electrolyte at
-1.15 V/SCE for 5 min to begin with a reproducible surface. Then, the electrodes were kept at the corrosion
potential (E.,r) for 1 h. The passive layer was stable and the open circuit potential remained constant.

The potentiodynamic current-potentiel curves were recorded by changing the electrode potential automatically
from -1.1 to 0.5 VV/SCE with scan rate of 1 mV s™. Electrochemical impedance spectroscopy (EIS) tests were
performed at E..;. The response of the electrochemical system to ac excitation with a frequency ranging from
20 KHz to 5 mHz and peak to peak amplitude of 10 mV was measured with data density of 10 points per
decade. The impedance data were analyzed and fitted with the simulation Z-View 2.80, equivalent circuit
software. All the measurements were carried out in air saturated solutions and at ambient temperature
(295 £ 2 K). Each experiment was performed in a freshly prepared solution and with a newly ground electrode
surface. The experiments were repeated to ensure reproducibility.
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Aragonite

Figure 1: XRD pattern of the aragonite from the border of sea in Morocco.

2.5. Optical microscopy observations

The optical microscopy observations of metal surface (micrograph) were performed with an optical microscope
Leica CTR 6000 (Optical microscope type DFC 295) allowing for magnifications of 50 to 1000 times. A digital
sensor mounted on the microscope used to view the different microstructures of our parts. The acquisition of the
pictures is made by computer with appropriate software. Images are taken after 30 days of immersion in the
presence and absence of inhibitor.

3. Resultats and discussion
3.1. Potentiodynamic Polarization Studies
3.1.1. Effect of concentration
The effect of mineral compound (P) on the anodic and cathodic polarization behavior of brass in
simulated drinking water at 295 K are shown in Figure 2. Their corresponding kinetic parameters
including corrosion current density (icorr), corrosion potential (Ecor) and anodic and cathodic Tafel
slopes (b, and b), are given in Table 1. The i Values were used to calculate the inhibition efficiency,
nratel(%0), using the following equation:

"0 :
e (%) = 2199 100 )

0
ICOI’I’
where i%,, and iy, are the corrosion current densities for brass electrode in the uninhibited and inhibited

solutions, respectively.
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Figure 2: Ptentiodynamic polarization curves for brass in simulated drinking water containing different
concentrations of inhibitor (P) at 295 K.
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In Figure 2, both anodic and cathodic reactions of brass electrode were inhibited after addition of inhibitor to
simulated drinking water, and its inhibition became more pronounced with increasing its concentration. This
result indicated that the addition of P reduced brass anodic dissolution and also retards the oxygen reduction. In
addition, it is noted that the P addition shifted the corrosion potential towards the negative direction in
comparison to the uninhibited solution. This phenomenon may be attributed to the change of adsorption
behavior of P on the metallic surface with its concentration [28]. In the anodic branch, the action of P on the
anodic behavior of brass is independent of the electrode potentials and leads to passivation pseudo-plate due a
deposit film on the brass surface [8]. This trend increased with increasing the inhibitor concentration. It is
believed that the decrease of the anodic dissolution process is attributed to the precipitation of insoluble
complexes on the electrode surface [26,27]. It has also been known that the inhibitor molecules were able to
induce some corrosion activity of brass during the initial anodic process; probably due to the inhibitor molecules
displace some hydrated layers of brass/hydroxyde film in order to create more favorable sites for the formation
stable protective layer [29].

However, Figure 2 revealed that the P addition in the corrosive solution decreased the cathodic current densities,
and no significant change was detected in the appearance of the cathodic curves indicating that the cathodic
process was unchanged. This indicated the adsorption of P molecules on the brass surface and the retardation of
corrosion without altering the cathodic reaction mechanism by merely blocking the active sites [30]. In the
cathodic range, dissolved oxygen in the solution takes over the cathodic reaction of brass in SDW media as
shown in the following Eq. (2)

O, +2H,0+4e” —40H" )
Further inspection of Table 1 revealed that the anodic Tafel slope values (b,) remain almost unchanged upon
increasing of P concentration, indicating that the anodic reaction mechanism is not changed by P addition. It is

observed that the inhibition efficiency increased with increasing of P concentration to reach a maximum value
of 84 % at 1000 ppm of P.

Table 1: Data obtained from the potentiodynamic polarization curves of brass in SDW-solution in the absence
and presence of various concentrations of mineral compound (P).

Conc. -Ecorr Icorr (pA/cmz) be ba NTafel
(ppm) (mV/SCE) (mV/dec) (mV/dec) (%)
Blank 00 175.5 5.7 87.2 122.1 —
400 176.6 2.5 89.6 130.8 56
500 209.3 1.6 133.6 68.1 70
P 800 244.8 1.2 116.0 116.7 78
1000 337.9 0.9 93.0 102.0 84

In literature, it has been reported that an inhibitor can be classified as an anodic-or cathodic-type when the
change in E., (Blank) value is larger than 85 mV/SCE [31,32] and as mixed type if displacement in E.q, is less
than 85 mV. In comparison with the brass in the blank, the E,, values move largely in the negative direction
and the displacements (162.4 mV/SCE) are more than 85 mV/SCE, which indicates that mineral compound P
could be classified as a cathodic-type inhibitor and this mineral has the advantage of being non-toxic and readily
available. It was obvious that current density decreased with increasing concentration of mineral compound
(5.7 pA/em? for blank to 0.90 uA/cm?). It is well known that brass may undergo a non-uniform corrosion as the
pitting corrosion in drinking water due high pH, high free chlorine residual and low alkalinity. This observation
can be seen in the anodic potential up 200 mV/SCE.

3.2. Electrochemical impedance spectroscopy

Nyquist plots of bras in SDW-solution and in the presence of various concentrations of P and at 295 K are given
in Figure 3. As seen in Figure 3, the Nyquist diagrams of brass have two capacitive contributions represented by
two semi-circles for all concentrations except blank solution. The capacitive loop appearing at higher frequency
range was attributed to charge transfer resistance of the corrosion process and diffusion layer resistance of
metal/solution boundary phase [33,34]. The capacitive loop shown at low frequency is related to film resistance
caused by the formation of the inhibitor layer [35,36].
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The slightly depressed nature of the semi-circles in Nyquist diagrams is characteristic for the solid electrode
which has the center below the x-axis. Impedance spectroscopy studies on the double layer capacitance at solid
electrodes usually show deviations from ideal behavior. The dispersion has been attributed to roughness and
other inhomogeneity of the solid electrode and also anion adsorption. The anomalous capacitance dispersion can
be represented bya so-called constant phase element, CPE [37], and the impedance of the CPE (Zcpe) can be
expressed as follows [38,39]:

__ 1 @3)

Y, (j@)

where Y is the CPE constant, n is the CPE exponent. j is the square root of -1, and o is the angular frequency.
Depending on the value of n, CPE can represent a resistance. n is a measure of non-ideality of the capacitor and
has a value ranging from -1 to 1 [40].

EIS measurements demonstrated that the diameters of capacitive loops were increased with increasing of P
concentration which indicated an increase in the polarization resistance of brass corrosion. The increase in
resistance of Nyquist diagrams proved an increase in surface coverage. This can be seen distinctly from
Figure 3. The adsorbed inhibitor molecules formed a protective film via insulating [41], the brass surface from
solution and making the corrosion reaction more difficult.

CPE
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Figure 3: Nyquist diagrams of brass in SDW-solution and in the presence of various concentrations of P.

The physical description of the corrosion process of brass in the studied medium was analyzed by modeling the
metal/solution interface to an equivalent electrical circuit. The EIS data were fitted to the most probable
equivalent circuit for modeling metal/solution interface; therefore two types of equivalent circuits were
proposed (Figure 4).

In Figure 4a an equivalent circuit with one semicircle was used for describing the inhibitor free brass/solution
interface at 295 K. The elements of the circuit can be named as; R, is the solution resistance, R is the charge
transfer resistance, Ry is the diffuse layer resistance which is related to the transportation resistance of ions from
metal surface to solution or vice versa [42] and CPEy is the constant phase element of the double layer. The
semicircle can be described as an overlapping of the double layer resistance (R.;) and the diffuse layer resistance
(Rg) in the brass/solution system which are not possible to distinguish between. Therefore the polarization
resistance (R,) can be calculated by summing these two resistances (R, = R + Rg).

The equivalent circuit shown in Figure 4b was used for fitting electrochemical responses of brass which have
two loops in the Nyquist plots. As shown in Figure 4b two different elements were added into the circuit in
order to define the brass/solution interface accurately. These added circuit elements were presented as R and
Rox. Ry reflects the film resistance of adsorbed inhibitor molecules, R,y is the oxide film resistance that formed
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on brass surface, CPE; is the constant phase element of the film layers and CPEg is the constant phase element
of the double layer in the equivalent circuit.

The second loop that can be observed in the Nyquist diagrams of inhibitor free solutions was related with the
oxide layer on brass formed in SDW-solution. In these cases there were no inhibitor molecules in the solution,
so the film resistance R should not take part in the polarization resistance expression. The total resistance may
be stated as R, = Ry +Rq+ Rox and CPE; was related to the oxide film of brass.

In the case of P containing solutions, the Nyquist diagrams were described with the equivalent circuit shown in
Figure 4b. In these diagrams there were two loops which were related to the faradaic process and film
formation. The faradaic process was associated with the high frequency part of the impedance diagrams and
represented with Ry, Ry and CPEgy elements similar to the model mentioned in Figure 4a. The second loop
which was observed in the lower frequency region was attributed to resistance of both the oxide film of brass
and the adsorption of P. The total polarization resistance can be summed up as R, =R + Ry +Roxt Rf and CPF¢
was the capacitance of both oxide and complex film layer.

(a) (b)
Rs CPEdI Rs CP]::f
Rox R CPEd]
Ret Rd Rct RrRd

Figure 4: Proposed equivalent circuits for impedance analysis and interpretation of brass-SDW solution system.
Equivalent circuit for having (a) one semi circle (b) two semicircles in impedance spectra.

The data obtained by fitting the EIS results were summarized in Table 2. It is noted that the R, values increased
significantly with the concentration of P whereas the CPE; values decreased. This suggests that the surface film
formed in the presence of P was thicker, less permeable and strongly adsorbed [43]. The inhibition efficiencies
were calculated at different concentrations utilizing the polarization resistance values according to the following
equation.

R, im —R
Meis (%) = P ~x100 4)
p(inh)
where Rynny and R, are polarization resistance values with and without P, respectively

Table 2: Impedance parameters for brass corrosion in SDW-solution at different concentration of P.

Conc. R CPEq Rut+Ry CPE; R¢ Rp Neis
(ppm)  (Q cm?) Yox10* (S"Q cm?) n (Q cmd) Yox107(S"Qecm?) n Qem®) (Qem®) (%)
Blank 00 277.5 1.7041 0.779 6501 — — — 6501 —
400  290.9 1.2916 0.608 10538 0.3286 0.838 4664 15202 57.2
P 500 319.9 0.9018 0.735 11864 0.3349 0.814 10455 22319 70.9
800  280.7 0.6859 0.531 13969 0.4625 0.871 12683 26652 75.6
1000 279.5 0.4829 0.691 17999 0.4998 0.821 16989 34988 814

It is also apparent from Table 2 that the values of CPE, decreased with increasing P concentration. This
decrease in CPEy values suggested a decrease in the dielectric constant and/or an increase in the double layer
thickness. This can be explained as a result of adsorption of P molecules onto the brass surface which have
lesser dielectric constant compared with desorbed water molecules. Thus, the brass surface was protected
against the corrosive medium [44, 45].

3.3. Optical micrograph results

Figure 5 shows images took by optic microscopy without and with 1000 ppm of P after 30 days of immersion at
room temperature. It is obvious from Figure 5a that a well-developed copper color, indicating layer
dezincification and some pit. After addition of P (Figure 5b), mixed product of corrosion visually, surface was
reddened indicating that layer dezincification and shallow occurred, greenish scale (Cu carbonate) and whitish
scale (ZnO) cover the surface [46]. A thin layer of light blue scale (presumably malachite) covered the brass
surface in the high alkalinity water.
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Figure 5: Micrographs of brass surface after 30 days of immersion in SDW-solution: (A) the blank solution and
(B) in the presence of 1000 ppm of inhibitor.

4. Conclusion

The inhibition efficiency of mineral product (P) on the corrosion inhibition of brass in simulated drinking water
solution have been investigated using EIS, Tafel polarization techniques and optical microscope and the
following results obtained:

v Mineral compound (P) inhibits the corrosion of brass in Simulated Drinking Water (SDW) solution.

v" The inhibition efficiency values increase with increasing inhibitor concentration (P) and showed maximum
corrosion inhibition of 84 % at 1000 ppm concentration, above which corrosion rate increases.

v According to the results, the mineral inhibitor [P] has insignificant effect on corrosion potential and Tafel
slopes. Therefore, it is concluded that a cathodic-type inhibitor was behavior predominant.

v" EIS results indicate that as the additive concentration was increased the polarization resistance increased
whereas double-layer capacitance decreased.

v Observation by optical microscopy brass in the middle in the absence and presence of the mineral product
(P) shows that the brass studied suffer uniform dezincification in the absence of inhibitor, attenuated effect
by the formation of mixed products with inhibitor.
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