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In both milk and water, the corrosion behavior of four distinct electrodes—niobium, mo-
lybdenum, cobalt chromium-alloy, and gold electrodes—was studied at temperatures
ranging from 20 to 50°C. Analysis of tap water and milk was performed. Open circuit
potential and potentiodynamic polarization experiments were used in the inquiry. The
open circuit data show the four electrodes' declining steady potential values (Egg) in the
ensuing direction: CoCr- Alloy > Au > Mo > Nb. For water and milk, this sequence was
followed regardless of temperature. But milk at 50°C modified the order to be: Au >
CoCr- alloy > Mo > Nb. At all temperatures, the Eg¢ values in tap water were higher than
those in milk solutions, indicating more passivation in tap water. All of the investigated
electrodes show rising corrosion rate (Cg) values during potentiodynamic polarization
experiments as the solution temperature rises. At all temperatures, milk had greater Cg
values than tap water for the four electrodes. According to Cg values, the following is the
order of passivity: Au > Mo > CoCr-alloy > Nb in milk, Au > Mo > Nb > CoCr- alloy in
water. Calculations and discussions were made about the activation energy (E,), enthal-
py change (AH"), and entropy change (AS") of corrosion.
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 Potential — time plots of the studied electrodes in milk (a) and water (b) at 30 °C.

1. Introduction

Since gold is a noble metal that doesn't react with ei-
ther air or water, it is frequently utilized in dental prac-
tice. The performance of prosthetic restorations created
from gold using the conventional casting procedure is
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superior to those made from non-noble metals [1]. Ac-
cording to the Pourbaix diagram [2], niobium is very
reactive with water and has a high chance of reaction,
which indicates the production of a passive surface ox-
ide film that gives it the appearance of being inert. The
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stable niobium pentoxide in this film is what gives the
metal its biocompatibility. When the metal is in contact
with oxygen, it forms rapidly and spontaneously [3]. In
addition, Nb is used to create dental alloys because it is
a B-stabilizing alloying element [4-8]. Due to its high
melting point and tensile strength, molybdenum has the
potential to be a highly creep-fatigue-resistant metal [9].
Due to the oxide's compact and flawless structure, it
forms a highly stable oxide film in aqueous solutions
[10, 11]. Mo's high tensile strength values allow for
stents to have thinner struts, which improves flexibility
and allows for access to vessels with narrower bores
[12]. Because of their affordable price, excellent quali-
ties, and increased resistance to distortion at high tem-
peratures, basic metal alloys are frequently employed in
dentistry [13]. The Cobalt-Chromium (CoCr-) alloys
are a well-known illustration of base-metal alloys. They
have numerous biomedical uses in the dentistry and
orthopedic industries. [14-16]. The primary component
of milk, which contains both major and minor salts, is
water. The main salts include sodium, calcium, and
magnesium chlorides, phosphates, and citrates. The
solubility of the salts is influenced by temperature, hu-
midity, and pH changes. The introduction of various
elements such as copper, iron, nickel, and zinc to milk
can be done by the use of equipment and food [17, 18].
On the other hand, environmental factors, such as the
animal's breed, lactation stage, age, and health state,
have an impact on the milk's ingredients. This study
used Niobium, Molybdenum, and Cobalt Chromium-
alloy electrodes that were evaluated in water and milk
to examine the viability of utilizing gold substitutes in
dental applications. At various temperatures ranging
from 20 to 50°C, potentiodynamic polarization and
open circuit potential approaches were used.

2. Material and methods
2.1. Preparation of electrodes

Working electrodes included 0.196 cm? of molyb-
denum rod provided by Aldrich-Chemie and 0.33 cm?
of cylindrical pure niobium brought by Johnson Mat-
they- England. A second CoCr-alloy electrode in which
Co was the main constituent, with Cr and Mo as the
primary alloying elements has a surface area of 1.038
cm? with a composition of 64% Cobalt, 28% Chromi-
um, 6% Molybdenum, and 2% (Carbon + Silicon +
Manganese) was also employed. As a blank electrode, a
golden rod with a surface area of 0.0184 cm?, 98.2%
Au, 1.7% Ti, and 0.1% Ir was employed. Using epoxy
glue Araldite, each electrode was placed into a hollow
glass cylinder of the proper diameter, leaving only the
surface area in contact with the electrolyte. The elec-
trode surfaces were polished with emery papers of in-
creasing grit. Bi-distilled water was used to wash the
electrodes to get rid of the slick particles. The elec-
trodes' surfaces were then polished once more with a
soft cloth before being completely submerged in the test
solution.

2.2. Solution

Tap water and milk were used as the testing solu-
tions. The milk was used without dilution and the
packed wused was ultra-high temperature pro-
cessing (UHT) milk from cow milk (3% fat, 8.5% SNF)
free from preservatives by the Egyptian Company for
Dairy Products (Juhayna). The packing materials of the
samples were cardboard paper.

2.3. Experimental techniques
2.3.1. Tap water and milk analysis

All analyses of tap water and milk were performed
in the Ministry of Health and Population, preventive
sector, Central Health Laboratory, Egypt. The physical
analyses for tap water were done using a corporater (for
residual chlorine), Turbidity meter, pH and Conductivi-
ty meter. Chemical analyses were performed using
Flame Photometer, lon Chromatography, and UV Vis
Spectrophotometer Double Beam analyzer, in addition
to normal titration tests. The recorded pHs were 6.6 and
7.5 for milk and tap water respectively.

The analyses of milk were performed using
Milcoscan FT3-IR. Chemical-preservative analyses for
sorbic and benzoic acids and their salts were performed
using HPLC-thermo. Heavy metal chemical analysis
was performed using Atomic Absorption.

2.3.2. Measurements of the open circuit potential
(OCP)

In this method, measurements were performed in a
glass cell that could hold 25 ml solution. The potential
readings were obtained using a saturated calomel elec-
trode (SCE) as a reference electrode and a digital mul-
timeter (KEITHLEY, Model 175, USA).

2.3.3. Measurements of the Potentiodynamic po-
larization

An Electronic Potentioscan Wenking (Model POS
73) was used to measure potentiodynamic polarization.
The measurements were made utilizing a platinum sheet
as a supporting electrode and a saturated calomel elec-
trode (SCE). The four electrodes were subjected to a
scan rate of 3.33 mV/s starting at -5 up to +5 V/SCE to
accomplish the polarization, and the resulting currents
were recorded. To get the stabilized OCP value, the
measurements were performed after dipping the elec-
trodes for 90 min in the test solution.

3. Results and discussion

3.1. Tap water and milk analysis

Tap water was submitted to different types of anal-

yses such as physical, chemical, and heavy metal chem-
ical analysis. Add to these, microscopic- biological and
microbiological analysis. Physical, chemical and heavy
metal analyses were the only concerned in this study.
The reference available range were subjugated to deci-
sion 458- 2007.
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Six different samples of tap water were subjected to
different analyses. Three of which are taken in the same
day, on 26 of October, 2023 at different time intervals.
The collected analytical data were recorded in Table 1.
Another three different samples were taken among three
months in 2023. The samples symbolized as 1, 2 and 3
were taken on the day 20 of August, 10 of September
and 15 of October, respectively. The collected analyti-
cal data are recorded in Table 2. Tables 1 and 2 illus-
trate that the different elements and chemical com-
pounds present in tap water cannot be quantified by a
fixed amount for all samples. It is clear from the anal-
yses that each water sample has its own characteristics
and cannot in any way coincide with another sample.

The analysis of milk get down to human health was
concerned with microbiology (not included in this re-
search), chemical and chemical-preservatives analyses
which take the numbers from 1 to 8 in Table 3. These
chemical analyses were subjugated to the available ref-
erence range according to Egyptian Specification 1623-
2005. Vessel-heavy metal chemical analysis (detection
of lead) and toxicological fungous were subjugated to
Egyptian specifications 7136-2010 and 7136-2020 re-
spectively. The chemical analyses illustrated the narrow
difference in the percentage values concerned with fats,
solids ...etc. as illustrated in Table 3. These approxi-
mate values were attributed to the same treatment fur-
nished by the company (Juhayna) to produce its milk
product. Get down to milk analysis, Mohamed et al [19]
are concerned with the limited concentration (for hu-
man uses) of some heavy metals such as Pb, Cd, Cu,
Zn, and Fe, in some market milk samples. The heavy
metals concentrations were lower than the Egyptian
Standard of Food 7136 and WHO standard and did not
exceed the permissible limits.

3.2. Measurements of the open circuit potential

The potential-time change of the four electrodes in
milk and tap water at 30°C is shown in Figure 1. The
potential of CoCr-alloy, Mo, and Nb electrodes in milk
shifted over time in a positive direction before stabiliz-
ing with longer immersion times. This denotes the de-
velopment of an oxide film that gives the electrodes
passivity [20]. The potential of the Au electrode, on the
other hand, changed to negative values and stabilized
when immersion time was increased. The same behav-
ior was seen for all investigated electrodes at 20, 40,
and 50°C. The potentials of the CoCr-alloy, Au, and Nb
electrodes shifted in the positive direction in tap water,
while the potentials of the Mo electrode shifted in the
negative direction.

The passivation of the Nb and CoCr-alloy electrodes
was evidenced by a shift in their potential towards a
positive direction in both milk and tap water. This be-
havior was explained for the Nb electrode by its ex-
tremely high reactivity with water, which, in accord-
ance with reaction (1), results in the production of a
protective pentoxide film. The lowest energy state for

Nb atoms is represented by a niobium ion in the pentox-
ide. [21].

2Nb + 5H,0 — Nb,O; + 10H* + 10 e~
E°=-0.644V (1)

In the case of the CoCr-alloy electrode, the passivity
was brought on by the development of a thermodynam-
ically stable passive oxide film (Cr,05) rich in chromi-
um at the electrode surface. Here, metal in a passive
state will still corrode uniformly and slowly, but it will
not dissolve quickly as would otherwise happen due to
thermodynamic forces [22]. When chromium metal is
present in the air, it spontaneously forms Cr,05 at the
electrode surface, as shown by reaction (2) [23]. Figure
1 shows that CoCr- alloy in the two tested solutions had
greater potential than an Au electrode twenty minutes
into the experience. The biocompatibility of CoCr- al-
loy is closely linked to its high resistance to corrosion,
which is attributed to the spontaneous formation of a
passive oxide film.

2Cr + 3H,0 - Cr,0; + 6H* + 6e~
E°=-09927V  (2)

The increase in the potential of the Mo electrode at
the onset of immersion in milk coincides with the crea-
tion of trioxide film covering the electrode surface ac-
cording to reaction (3). It was suggested that Mo,04
developed along the metal/film interface during the
early stages of passivation [24]

2Mo + 3H,0 - Mo0,05 + 6H* + 6e~ (3)

The comparatively constant potential of gold in tap
water is evidence to its well-known resistance to oxida-
tion and corrosion. This behavior was interpretable ac-
cording to the Pourbaix diagram, which shows that the
metal is most stable in neutral to slightly basic condi-
tions and exists largely as metallic gold. This indicates
that the metal is stable and doesn't undergo any notable
oxidation or reduction processes under typical circum-
stances [2].

The creation of a protective oxide covering on the
electrode surface coincides with potential shifts toward
positive values. The following equation can be used to
represent the relationship between potential and time
for electrodes loaded with skinny films:

E|=d +2.303 (5/p) logt  (4)

Where (|E|) is the electrode potential, d is the thickness
of the skinny film and & represents the rate of oxide
thickening per unit decade of time. The term g is identi-
fied as:

p=1rad (5)

Where n is the number of electrons transferred in
the reaction, F is Faraday’s constant, R is the universal
gas constant, T is the absolute temperature, « is the
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charge transference coefficient encountered in normal
electrochemical processes (0 < a < 1) and & is the
height of the energy barrier surmounted during charge
transfer [20]. Figure 2 shows a graphic representation of

Equation 4 by graphing the electrode potential against
the logarithm of time. Tables 4 and 5 contain the rates
of oxide thickening as computed from the slopes of the
straight lines.

Table 1: Results of tap water analysis in mg/L for three different samples taken in the same day

Type of analysis Sample 1 Sample 2 Sample 3 Available range
Color - - - -
. Taste Accepted Accepted Accepted Accepted
£ Odor - - - -
§ Free residual chlorine - - -
E Turbidity N.T.U 3 0.6 1.0 1
% pH 7 6.5 7.8 6.5:85
3 Electrical conductivity Us/cm 365 350 381 -
NH; 0.2> 0.2> 02> 0.5
NO; - - 0.07 0.2
NOs; 1.3 1> 1> 45
Cl 20 30 24.5 250
F 0.3> 0.3> 03> 0.8
SO4 35 32 12.7 250
Na 34 25.2 31 200
K 5 5.16 3.1 -
Ca 29.6 36.8 30.8 -
« Mg 8.64 6.72 9.84 -
2 Fe - - - 0.3
g Mn - - - 0.4
8 sio, 3 6 20 -
§ Total hardness CaCO3 110 120 118 500
O Temporary hardness CaCO3 110 100 118 -
Permanent hardness CaCOs - 20 - -
Calcium hardness CaCOs3 74 92 77 350
Magnesium hardness CaCOs 36 28 41 150
Total alkalinity CaCOs 122 100 140 -
Hydroxide alkalinity CaCO3 - - - -
Carbonate alkalinity CaCO3 - - - -
Bicarbonate alkalinity CaCOs 122 100 140 -
Total dissolved salts T.D.S 215 215 226 1000
HCO3 148.84 122 170.8 -
Mo 0.003 - 0.009 0.07
Zn 0.019 0.003 0.0002 3.0
Pb - 0.0004 0.0002 0.01
‘2’, Cd - - 0.003
s Cr 0.0003 - 0.002 0.05
= Al 0.0020 0.004 0.2
g Cu 0.0086 0.002 0.0002 2.0
2> Ba 0.005 0.008 0.079 0.7
g N . - 0.0007 0.02
Se - - - 0.01
Sh - - - 0.02
Hg 0.0004 - - 0.001
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As -

- - 0.01

Table 2: Results of tap water analysis in mg/L for three different samples taken among three months

Type of analysis Sample 1 Sample 2 Sample 3 Available range
«  Color - - - -
£ Taste Accepted Accepted Accepted Accepted
£ odor - : :
—  Freeresidual chlorine 0.5 1.1 2 5
2 Turbidity in N.T.U 1.0 1.0 1.0 <1
2 pH 8.1 7.5 7.8 6.5:8.5
8 Electrical conductivity Us/cm 402 431 359 -
NH3 - - - 0.5
NO; - - - 0.2
NOs - - - 45
T.D.S/120 mL 265 284 237 1000
2 Cl 38 41 32 250
=  SO4 35 38 36 250
& Na 42 45 28 200
S Mn - - - 0.4
§ Fe - - - 0.3
S F 0.2 0.2 0.2 08
Calcium hardness CaCOs 90 97 81 350
Magnesium hardness CaCOs3; 46 50 42 150
Total hardness CaCOs3; 136 147 123 500
Total alkalinity CaCOs 123 132 105 -
Table 3: Results of milk analysis in mg/L for three different samples
Type of analysis Sample 1 Sample 2 Sample 3 Reference range
1 Total fat 3.00 3.1 3.0 not less than 3%
2 Total solids 11.6 11.9 114 not less than 11.3 %
3 Solids not fat 8.3 8.8 8.4 not less than 8.25 %
4 formalin - - - -
5 Acidity as lactic acid 0.12 0.12 0.12 up to 0.17 %
6 Benzoic acid and it's salt - - - -
7 Sorbic acid and it's salt - - - -
8 Sulfur dioxide and it's salt - - - -
9 Lead - - - less than 20 ppd
10 Toxicological fungous - - - -
11 Pesticide <0.01 <0.01 <0.01 LOQ =0.01 mg/Kg

Tables 4 and 5 show how temperature has an impact
on the stable potentials. Steady-state potential, Ess,
dropped in the four electrodes in tap water (Table 5) at
all temperatures as follows: CoCr- alloy > Au > Mo >
Nb. Milk at 20, 30, and 40°C behave similarly (Table
4), while at 50°C its behavior changed to follow the
following order: Au > CoCr- alloy > Mo > Nb.

Ess values for each electrode fell as the temperature
rose. One exception was a Mo electrode in milk solu-
tion that was recorded at 30°C and had a constant po-
tential that was lower than those recorded at 40 and
50°C. Tables 4 and 5 further showed that all investigat-
ed electrodes have larger stable potentials in tap water
than in milk solutions at all temperatures. More pas-
sivation in tap water is indicated by this observation.
Positive slopes of E vs. log t plots signify the thickening
of the film. The dissolution of the electrodes was guar-

anteed by the negative slopes for the Au electrode in
milk and the Mo electrode in tap water.

3.3. Measurements of the potentiodynamic polariza-
tion

The polarization plots for the four electrodes in milk
and tap water, at 30°C, are shown in Figures 3 and 4
respectively. The optimal behavior of Tafel plots is
shown by the polarization curves of the Au and Mo
electrodes. The polarization curves of the two tested
solutions showed a passivity range for CoCr- alloy fol-
lowing the initial anodic dissolution region. This de-
notes the development of a less stable passive film,
which contains non-stoichiometric cobalt oxides and
certain oxides of alloying elements [25]. With tap wa-
ter, this tendency was more observable. Normally Tafel
plots are measured within a potential window from +
250 to - 250 mV around the OCP, and Tafel slopes are
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deduced within this range. The detected abnormal be-
havior of the niobium electrode was the main reason
behind the extended potential window of Tafel meas-
urements. Under conditions of high potentials, the nio-
bium electrode curves in the two tested solutions re-

vealed low current density vs. potential at the anodic
region, forming large current density plateaus that en-
sure considerable corrosion resistance. In prior work,
similar behavior of Nb in artificial saliva and fluoride
solutions was demonstrated [26, 27].
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Figure 1: Potential — time plots of the studied electrodes in milk (a) and water (b) at 30 °C.
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Figure 2: E —Log t plots of the tested electrodes in milk (a) and tap water (b) at 30°C.

A helpful method to determine the corrosion current
densities (I.or) and, subsequently, the corrosion rates
in similar situations was to extrapolate the cathodic
polarization curves alone to E.,... Using Eq. 6 [27], the
corrosion rate (Cg ) in mpy was computed.

Cr =013 X I X e/d (6)

where 0.13 is the metric and time conversion factor,
Ieorr, IS the corrosion current density in pAlem?, e and d
are the equivalent weight and density of metal in geg/mol
and g/cm?® respectively.

The corrosion potential (E,.) and corrosion current
density (I.--) Values were computed from the intersec-
tion of the linear anodic and cathodic branches of the
Tafel plots. Tables 6-9 list each of these variables as

well as the anodic (5,) and cathodic (5c) Tafel slopes for
the various electrodes.

The analysis of the data in Tables 6- 9 demonstrated
that, for all analyzed electrodes, the corrosion rates (Cg)
increased with rising temperature in each milk and tap
water. The results illustrated that milk corroded the four
electrodes more quickly than tap water did at all exper-
imental temperatures. The highest corrosion rate values
for all electrodes were provided by the Nb electrode in
milk. Following are the passivity orders consistent with
corrosion rate values:

In milk: Au > Mo > CoCr- alloy > Nb
In water: Au > Mo > Nb > CoCr- alloy
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Table 4: Immersion (E;,m) and steady state (Ey) potentials, slopes of the linear parts, rates of the oxide film
thickening (8), and regression coefficient (R?) of the tested electrodes in milk, at temperature ranges 20 — 50°C

Type of Temp. Eimm Eg Slope ) R
electrode °C mV(SCE) mV(SCE) mV/min. nm/min

20 143 76 -24.35 - 0.9687
AU 30 125 66 -12.86 - 0.9476
40 112 58 -11.61 - 0.9476
50 99 51 -5.57 - 0.9473
20 -120 183 4551 1174 0.8505
CoCr 30 -196 145 97.47 2432 0.8566
40 -205 74 100.31 2423 0.8748
50 -280 -64 65.43 1736 0.9740
20 -151 -84 8.83 456 0.9567
Mo 30 -185 -118 25.23 1259 0.9410
40 -231 -107 21.00 1014 0.8668
50 -255 -129 15.73 737 0.8232
20 -427 -291 63.27 5442 0.7374
Nb 30 -490 -304 83.98 6984 0.9529
40 -500 -310 67.80 5008 0.9275
50 -500 -322 85.62 6680 0.9021

Table 5: Immersion (E;,m) and steady state (E ) potentials, slopes of the linear parts, rates of the oxide film

thickening (8) and regression coefficient (R?) of the tested electrodes in tap water, at temperature ranges 20 —
50°C

Type of Temp. Eimm Egs Slope ) R
electrode °C mV(SCE) mV/(SCE) mV/min. nm/min

20 129 136 1.30 34 0.7390
AU 30 125 131 5.13 128 0.9037
40 113 126 11.64 281 0.7989
50 109 124 13.25 310 0.7060
20 -165 212 67.40 1739 0.9579
CoCr 30 -197 186 81.50 2033 0.9739
40 -237 183 90.13 2177 0.9624
50 -263 179 90.26 2112 0.9553
20 159 80 -9.77 - 0.9422
Mo 30 121 12 -11.21 - 0.8838
40 30 -63 -23.66 - 0.9755
50 14 -85 -17.33 - 0.8522
20 -346 -190 46.95 4038 0.8565
Nb 30 -357 -192 56.45 4695 0.9208
40 -380 -210 13.14 1058 0.8564
50 -398 -248 57.73 4504 0.9055

This order was observed at temperatures between 20
and 50 °C, indicating that in the case of tap water and
milk, under potentiodynamic circumstances, Mo could
safely replace Au at all investigated temperatures. Arti-
ficial saliva solution, in a previous study, showed the
same behavior [26].

During the 1920s, a correlation between rising milk
temperature and increased electrode dissolving rates
was found. The concurrent growth in the bacteria that
produce lactic acid was the primary cause of this behav-
ior. In other words, milk's acidity rises and its oxygen
concentration falls when the temperature rises [28, 29].

The data also demonstrate that tap water was the
least corrosive to all tested electrodes when compared

to milk and other previously examined neutral solutions
at temperatures between 20 and 50 °C [26, 27]. As the
temperature rises and the electrode is connected to the
tested solution for longer periods, the media's color be-
comes more intense, signaling the occurrence of various
chemical reactions as well as other processes like fer-
mentation, oxidation, and the dissolution of corrosion
products.

The data of open circuit potential and potentiody-
namic polarization ensured that milk is more corrosive
than tap water for the four tested electrodes. This may
be due to the Protein content in milk. Hamad and
Baiomy [30] stated that the percentage of protein in
milk represents 3.37%. While cobalt and chromium are
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positively charged ions, the majority of proteins are
negatively charged. The protein is thus readily adsorbed
to the metal alloy surface. For both high and low-carbon
CoCr-alloys, Yan et al. [31, 32] reported that the pro-
teins can improve ion release and passive film disinte-
gration under static corrosion conditions. This happened
when the passive zone was reduced as a result of pro-
teins adhering to the alloy surface.

The Tafel slope assumes that the electrode surface is
uniform and homogeneous. However, surface rough-
ness, impurities, or defects on the electrode surface can
affect the reaction kinetics and result in anomalous
Tafel slope values as shown in Tables 6-9. Attia and
coworkers in a previous study of the corrosion protec-

g AL

Log i, mA/ cm?

Lty
= LTy
-2 | == CoCr-

== MO

E, V(SCE)

Figure 3: Potentiodynamic plot of CoCr-alloy, Nb,
Mo, and Au electrodes in milk at 30°C.

According to the theory, an electrode that is more
likely to passivate will have a value of S, > f., whereas
an electrode that is more likely to corrode will have a
value of £ < fc [34]. A general tendency in this inves-
tigation showed larger values of B, in contrast to f,
which points to an inactive layer being present on the
electrode surface.

3.4. Kinetic and Thermodynamic considerations
The following Arrhenius equation relates the corro-
sion rate (Cg) with the variation of temperature [27]:

tion of Tin in 1M HCI attributed the high values of
Tafel slopes to the surface Kkinetic process instead of
diffusion controlled process [33]. Another interpretation
of the high Tafel slope values in this work is based on
the fact that the Tafel slope is a measure of the rate at
which the current changes with the applied potential in
an electrochemical reaction. These electrochemical re-
actions often involve the adsorption and desorption of
reactants or intermediates on the electrode surface. If
these adsorption/desorption processes deviate from the
normal mode, anomalous Tafel slope values may be
obtained. Also, the formation of intermediate species
can affect the reaction rate and consequently affect the
Tafel slope values.

%,
(-
//////l///////ﬂ////ﬂ/////,/;/‘

Log i, mA/cm?

E, V(SCE)

Figure 4: Potentiodynamic plot of CoCr-alloy, Nb,
Mo, and Au electrodes in tap water at 30°C.

logCp = A— (E,/2303RT)  (7)

where A is constant represents the frequency factor of
successful collisions between reactant molecules. E, is
the apparent activation energy of the dissolution reac-
tion, R is the universal gas constant and T is the abso-
lute temperature. Straight lines with a slope of
— (E,/2.303 R) were produced by plotting the loga-
rithmic fluctuation of corrosion rates with the reciprocal
of absolute temperatures as illustrated in Figures 5 and
6. Table 10 contains records of the obtained values.

Table 6: Milk and tap water potentiodynamic parameters for Au electrode

Neutral Temp. Ecorr Leorr Be Pa Cr

solution °C mV/SCE HA/cm? mV/dec mV/dec mpy
20 100 0.0316 -1833 1800 3.24 E-06
Milk 30 -100 0.0398 -1750 1750 4.08 E-06
40 -100 0.0501 -1600 1750 5.14 E-06
50 -100 0.0631 -1400 2000 6.47 E-06
20 400 0.0126 -899 2500 1.29 E-06
Tap water 30 200 0.0200 -3000 2500 2.05 E-06
40 200 0.0251 -3000 3000 2.58 E-06
50 100 0.0316 -2000 2000 3.24 E-06

Table 7: Milk and tap water potentiodynamic parameters for CoCr- alloy electrode
Neutral Temp. Ecorr Leorr be pa Cr
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solution °C mV/SCE pA/cm? mV/dec mV/dec mpy
20 -200 0.501 -2000 2000 1.54 E-01
Milk 30 -200 0.631 -2000 2000 1.94 E-01
40 -200 0.794 -1667 2333 244 E-01
50 -200 0.891 -1250 2000 2.74 E-01
20 100 0.039 -1750 2000 1.22 E-02
Tap water 30 -100 0.079 -2000 2333 2.44 E-02
40 -100 0.100 -1400 1333 3.08 E-02
50 -100 0.199 -1750 1667 6.14 E-02
Table 8: Milk and tap water potentiodynamic parameters for Mo electrode
Neutral Temp Ecorr leorr Be pa Cr
solution °C mV/SCE pA/cm? mV/dec mV/dec mpy
20 -300 0.040 -1000 875 8.05 E-03
Milk 30 -500 0.063 -1125 1000 1.27 E-02
40 -600 0.100 -1000 1333 2.02 E-02
50 -700 0.199 -1500 1428 4.04 E-02
20 -400 0.012 -1200 1333 2.55 E-03
Tap water 30 -500 0.025 -1400 1750 5.08 E-03
40 -600 0.040 -1000 2000 8.05 E-03
50 -600 0.050 -1600 2333 1.01 E-02

Positive values of constant (A) recorded for CoCr-
alloy, Mo and Nb electrodes mean that the dissolution
reaction is relatively fast, and it does not require a high
activation energy to proceed. On the contrary, the nega-
tive value of A recorded for the Au electrode implies
that the reaction has a lower frequency of successful
collisions, meaning that the reaction is less likely to
occur. Negative activation energy values (E,) for the
corrosion process of electrodes indicate that the process
is exothermic and spontaneous. This means that the
reaction occurs readily and quickly, without a signifi-
cant energy barrier. This could be due to the nature of
the metal/solution interaction, which could be highly
favorable and spontaneous.

Table 10 shows that whereas CoCr- alloy dissolves
rather slowly in milk solution, Nb passive film dis-
solves quickly. This conclusion was drawn from the
numerical values of activation energy, where the CoCr-
alloy electrode supplied the least negative value and the
Nb electrode the largest negative value in the milk solu-
tion. The largest negative E, value in tap water was
produced by CoCr- alloy, whereas the Au electrode
gave the value with the least negative sign. Less nega-
tive E, values in one medium suggested that the corro-
sion reaction's energy barrier was higher in that medium
due to its increased height.

The thermodynamic functions for the dissolution
process were obtained by applying the Eyring transi-
tion-state equation (Eq. 8) [26]:

log Cx/T = log (R/Nh) + (AS°/2.303R) — (AH"/2.303RT)

®)

where Avogadro's number is N, Planck’s constant is h,
and the entropy and enthalpy changes of activation,
respectively, are AS” and AH". As shown in Figures (7
and 8), straight lines with slopes of [—AH"/2.303R]
and an intercepts of [log(R/Nh) + (AS°/2.303R)]
were obtained from a plot of logCr/T vs. 1/T. The
results were compiled in Table 11.

When a metal corrodes, the metal atoms or ions
break apart from the solid lattice and interact with the
solvent molecules. This process requires energy input to
overcome the attractive forces holding the metal togeth-
er and to separate the metal particles. The positive en-
thalpy change (AH") for all electrodes, reflects the endo-
thermic character of the corrosion process where the
system gains energy from the surroundings. This sug-
gested that the electrodes would dissolve slowly and
with difficulty in the presence of existing conditions,
indicating a higher level of protection [35]. The high
AH’ values might be attributable to the adsorption of
the solutions to the electrode surfaces, which increased
the enthalpy of the corrosion process [36]. There is no
contrast in data submitted from Tables 10 and 11 con-
cerned with negative activation energy and positive
enthalpy change for the tested electrodes. However, a
dissolution reaction of an electrode could have a posi-
tive enthalpy if the energy required for breaking the
metal/solute and solvent/solvent interactions is greater
than the energy released by the formation of new met-
al/solvent interactions. At the same time, a dissolution
reaction could have negative activation energy when the
reaction occurs readily and quickly due to a highly fa-
vorable reaction.

Additionally, all electrodes had substantial and uni-
formly negative entropy change values (AS°). This indi-
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cates that the metal ions become more organized during
the corrosion process. This could happen, if the metal
ions form clusters in the solution, leading to a decrease
in randomness.

Therefore, it was established that factors such as the
nature, composition, pH, and temperature of the solu-

tion, as well as the type of electrode, activation energy,
enthalpy, and entropy changes, had a significant impact
on the activation parameters of the corrosion process to
occur.

Table 9: Milk and tap water potentiodynamic parameters for Nb electrode

: Temp- ECO” Icorr ﬂc ﬂa CR
Neutral solution °C mV/SCE pA/cm? mV/dec mV/dec mpy
20 -700 1.259 -4000 - 1.78 E-01
Milk 30 -800 1.585 -4500 - 2.24 E-01
40 -800 1.995 -7000 - 2.81 E-01
50 -800 3.162 -5500 - 4.46 E-01
20 100 0.050 -4000 - 7.07 E-03
Tap 30 -300 0.063 -2667 - 8.90 E-03
water 40 -400 0.126 -2333 - 1.78 E-02
50 -400 0.200 -4500 - 2.82 E-02
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Figure 5: Arrhenius plot of the milk-dipped elec-
trodes under investigation
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Figure 7: Transition state graph showing the corro-
sion behavior of the investigated electrodes in milk.

Figure 6: Arrhenius plot of the tap water-dipped
electrodes under investigation.
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Figure 8: Transition state graph showing the corro-
sion behavior of the investigated electrodes in tap
water.

Table 10: Milk and tap water activation parameters for the investigated electrodes

Type of Milk Tap water
Electrode A E,, kJ/mol R? A E,, kd/mol R2
CoCr 1.9 -15 0.989 5.204 -40 0.967
Au 2.3 -18 0.999 -1.652 -23 0.973
Mo 5.3 -41 0.982 3.237 -33 0.899
Nb 3.4 -65 0.955 4573 -24 0.962
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Table 11: Milk and tap water thermodynamic parameters for the investigated electrodes
Type of i Milk c i Tap wat?r
Electrode AS AH R2 AS AH R2

Jimol K KJ/mol Jimol K KJ/mol

CoCr -197 63 0.989 -197 160 0.978

Au -197 161 1.000 -197 186 0.993

Mo -197 169 0.993 -197 150 0.947

Nb -197 87 0.974 -197 159 0.980

4. Conclusions

1. Measurements of the open circuit potential showed
that the CoCr-alloy, Mo, and Nb electrodes in milk
solution have developed passive oxide layers.

2. In tap water, passive oxide layers were formed on
CoCr- alloy, Au, and Nb electrodes. After the first
20 minutes of immersion, CoCr- alloy in milk and
tap water exhibits greater potential values than Au
electrode.

3. According to polarization measurements, the corro-
sion rates of all electrodes increased as temperature
rose, and the following orders represent the se-
quence of passivity:

In milk: Au > Mo > CoCr-alloy > Nb
In tap water: Au > Mo > Nb > CoCr-alloy

4. Atall tested temperatures in tap water and milk, Au
may be safely replaced by Mo under potentiody-
namic conditions.

5. The apparent activation energy of the dissolution
reaction (E,) indicates that the Nb passive film dis-
solves readily in milk whereas the CoCr-alloy dis-
solves somewhat slowly.

6. The easiest electrode to dissolve in tap water is
CoCr- alloy, whereas Au is more challenging.
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