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The present work shows how to make use of cell biology in corrosion control of technical titanium in
highly saline solutions. Besides, it opens the door towards correlating cell secretions with corrosion
parameters when live cells are adsorbed on the surface. Generally, the corrosion current density (jcorr,
uA/cmZ) decreases in media containing alga Dunaliella Salina over the density range of p. = 0.1-
1.0x10° cell/ml and then appears to approach a stabilized value. Results on the effect of glycerol and
[—carotene secreted by the alga revealed that glycerol has no effect on the corrosion performance of
technical titanium, while f—carotene can effectively mitigate the dissolution process of the sample. The
increase in the total resistance (Ry/Q cm?) of the film assigns the inhibition extent due to sealing effect
of the surface by P-carotene molecules and hence higher corrosion resistance for titanium. The
inhibition mechanism is likely occurred via physical adsorption on the electrode surface following
Temkin isotherm. This mostly happens through the conjugate system of the double bonds in the
inhibitor molecular formula. Effect of pH of sulfate solution on the degree of surface coverage by p—
carotene indicated that a maximum inhibition efficiency of ~ 90% is achieved at pH around 7.0.

Keywords: Technical titanium; Alga Dunaliella Salina; p—carotene; EIS; Neutral and
acidic corrosion

1. INTRODUCTION

Corrosion is a spontaneous and continuous electrochemical process occurring on metallic
surfaces and contributing to economic losses and pollution of our environment. Alloying is considered
a proper scientific approach to improve the chemical and mechanical properties of a metal. The
degradation of metals and their alloys occurs in man-made as well as natural environments. Among the
numerous metal alloys employed as construction materials, titanium based alloys occupy an important
position in the family of metallic materials for their useful applications in aerospace, chemical,
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petrochemical and biomaterial industries. These are because titanium alloys have light weight,
excellent corrosion resistance and superior biocompatibility coupled with good strength [1]. On the
other hand, owing to their high heat transfer coefficient combined with moderate to high strength,
hardness, wear resistance and good fatigue properties most heat exchanger equipments are made from
titanium alloys. Unfortunately, these equipments are prone to severe corrosion when they are used in
factories for the production of several salts from the highly aggressive hyper saline water, such that of
the Lake Quaroun (Fayioum, Egypt) having salt concentration of more than 10 wt.% [2]. This is one of
the reasons why corrosion protection methods should be used. The most practical method for
protecting metals and alloys against harmful degenerative influence of a strong corrosive medium is
the use of organic inhibitors [3]. Also, it is of prime importance that inhibitors must be added to
alleviate or prevent the corrosive action of acids on metal surfaces during pickling, cleaning and de-
scaling of heat exchangers [4]. Inhibitors for acid corrosion of titanium materials are rare and badly
needed for many industrial applications.

Nowadays, beside the efficiency of the inhibitor, it should be nontoxic, biodegradable and
readily available. In this respect, many of the natural products had been found to be effective [2,5,6].
All these make investigating the electrochemical behavior of technical titanium alloy in artificial high
saline media containing the caroteniod alga Dunaliella Salina, and in sulphate solutions containing
natural B—carotene an important subject worthy for systematic studies. The tested alga secrets a
relatively massive amount of the precious compound P—carotene (Scheme 1), which is a useful
biological material. The present investigation showed that it (and expectedly compounds with similar
structures) can act as a corrosion inhibitor for titanium alloys. This result looks promising because
non-toxic and environmentally benign corrosion inhibitors for titanium materials in highly saline
solutions are scarce [7]. Additionally, the present study is of interest primarily due to the fact that
natural products are environmentally friendly and ecologically acceptable.

B-caroiene

Scheme 1. Structure formula of p—carotene.

The alga Dunaliella Salina is unicellular and belongs to the class Chlorophyceae and the order
Vlovocales [8]. This alga is ovoid, motile and halotolerant via an osmoregulation mechanism, being
lacking a cell wall but has a mucus surface coat, and easily responds to external tension by secreting
glycerol and B-carotene. Scheme 2 shows a scanning electron micrograph for this alga. It proliferates
under the sunlight in concentrated saline solutions. Dunaliella is probably the most halotolerant
eukaryotic organism known and found in a wide range of marine habitats, including oceans, brine
lakes, salt marches and salt ditches near the sea [9].
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Scheme 2. The alga Dunaliella Salina photographed from R.W. Butcher [8].

Although the corrosion behavior of titanium and its alloys have been the subject of extensive
studies, yet the acid corrosion inhibitors for titanium materials concerning the acid de-scaling of heat
exchanger are rarely found for industrial applications [7]. These inhibitors are important to be added
in the acid de-scaling of heat exchangers. Moreover, titanium is often performed well in media that
cause pitting and crevice corrosion for stainless steel (e.g. seawater, wet chlorine, organic chlorides).
While titanium is resistant in these media, it is not immune and can be susceptible to pitting and
crevice attack at elevated temperature causing a serious problem. Crevice damage is a localized form
of corrosion. Under creviced conditions, the occurrence of film flaws is the key process leading to the
development of acidity and the initiation of creviced corrosion [10].

Titanium and its alloys owe their excellent corrosion resistance to the formation of passive
TiO, films on their surfaces at room temperature. The poor adherence of the film, which reduce its
protection, as well as the other detrimental features of the surface film depend on its formation
conditions and the composition of the forming medium, especially in the presence of adsorbed
materials such as natural biomasses [11]. This film provides chemical inertness to the metallic
substrate in many aqueous media and assures its biocompatibility as a biomaterial. However, in their
native form TiO; films have poor mechanical properties and they are easily fractured under fretting
and sliding wear conditions. Sustained dissolution of underlying metal after disruption of oxide film
and the reformation of passive oxide layer results in gradual consumption of the material [12].
Almost, there are no detailed studies on the corrosion behavior of titanium or its alloys in presence of
biomasses such as microorganisms and their metabolic products. A variety of techniques for
fabrication of ultrafine grained titanium (UFG) materials with grain sizes in the range of 10-1000 nm
have been developed for some important applications [13]. Most investigations have been focused on
thermal stability, micro hardness and mechanical properties. The corrosion behavior of UFG has
received only limited attention [14]. Naka et al. [15] reported that amorphous alloys have higher
immunity against corrosion than crystalline alloys because they are devoid of crystalline defects such
as grain boundaries, vacancies and dislocations and possess good compositional homogeneity. In
addition, titanium-—nickel alloys are generally more corrosion resistant than 316 stainless steel but not
as resistant as pure titanium. A passive oxide/nitride surface film can impart this corrosion resistance.
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Specific environments can cause the breakdown of passivity of this system. These environments could
be inorganic, organic or biological [16].

2. EXPERIMENTAL DETAILS

2.1. Solutions

Analytical grade chemicals and triple distilled water were used throughout for the preparation
of different solutions. A stock 1.0 M H,SO, solution was used to adjust the pH of 1.0 M Na,SO, (pH
7.0) test solution to the desired pH value. The solution pH was checked by a sensitive pH-meter,
model 15 Denver, USA. Artificial highly saline solution (free media) in which the alga can survive,
was prepared by sequential additive of 175.5 g NaCl, 42.6 g Na,SO,4 and 36.1 g MgS0O4.7H0, to less
than one liter of distilled water. To ensure complete dissolution of the different salts, the solution was
boiled, and then cooled to the room temperature. Calculated amounts from the minor components,
namely, urea, potassium dihydrogen phosphate, iron-EDTA and sodium bicarbonate were added to get
the recommended final concentrations of 0.1, 0.2, 0.002 and 2.0 mM, respectively.  Finally the
solution was completed to one liter with distilled water and became ready for being used as
homogeneous salt media for the various experimental tests.

2.2. Culturing of the alga
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Figure 1. Changes in alga Dunaliella Salina cell number (N¢) density (pc = N¢/ml) and its secreted B-
carotene in ug/ml with the growth time (t/d).
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A crop of the alga Dunaliella Salina was supplied from SRI, China. A volume of 250 ml of the
crop solution with a cell density of 1.5x10° cell/ml, was added to each liter of the media in a tank. It
was kept under net shade exposed to sun light and moved to a cool place when the atmospheric
temperature exceeds 35 °C and vice versa, being shaken once each hour during day-time. This culture
was diluted with proper amounts of the media according to the growth rate so that the volumetric cell
number density does not exceed 20x10° cell/ml. Also, it was diluted with distilled water to compensate
for evaporation, thereby keeping the salinity constant [17]. Changes in cell density and p-carotene
content in pg/ml with the growth time (t/d) were recorded daily in saline media over an extended time
period of 15 d, and the results are given in Fig. 1.

2.3. Extraction of f-carotene

The extraction of B-carotene from a culture of the alga Dunaliella Salina was made using 90%
(by volume) acetone. The separation was carried out by manual shaking until two layers were formed,
where the upper layer contained the (-carotene. The concentration was then determined using a
manual operating spectrophotometer Perkin Elimar of (USA) at a wave length of 450 um [18]. The
same instrument has been used for the determination of chlorophyll, which was extracted from the
solution layer attached to the electrode surface exposed to a solution of alga Dunaliella Salina. This has
been achieved by leaching and dissolving the layer in 80% (by volume) acetone solution [19].

2.4. Specimen preparation

The tested technical titanium sample was supplied from Wah Chang Co., Belgium. The heat
exchangers in EMISAL Company (Egypt) have been manufactured from this material, which has the
following chemical composition in mass percent: 0.30 Fe, 0.25 O, 0.06 C, 0.03 N, 0.015 H and balance
Ti. The working electrode used was machined in the form of a rod with 2.0 cm length and 0.24 cm?
cross sectional area. Electrical connection was achieved by mechanical jamming a stout copper wire
of 1 mm diameter and 20 cm in length to the upper end of the electrode. The rod was then fixed by
epoxy resin in a Pyrex glass tube with an appropriate diameter leaving only the base cross sectional
area to face the test solution. Before each experiment the electrode surface was mechanically ground
with successive finer grades of emery papers (600-1200 grit) until the surface appeared free from any
scratches and other apparent defects. It was then rubbed with a smooth polishing cloth, washed with
ultra pure water and transferred quickly to the electrolytic cell.

2.5. Measurements

Electrochemical measurements were performed using a conventional three-electrode one
compartment cell [20]. The counter electrode was a platinum sheet with a large surface area. The
reference electrode was a commercially available saturated calomel electrode (SCE).The cell was kept
inside an air thermostat adjusted at 30 °C. All dc polarization curves and ac impedance spectroscopy
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data were recorded using an electrochemical workstation IM6e Zahner-elektrik, GmbH, (Kronach,
Germany) controlled by a personal computer provided with Thales software. The EIS were carried out
by first stabilization at open circuit potential (OCP) until a steady-state potential value was reached
(usually after 30 min immersion in the test solution), with a perturbation signal of 10 mV amplitude.
The method involves direct measurements of the absolute impedance (|Z|, in ohm) and the phase shift
(9, in degree) over a frequency domain from 100 kHz down to 0.10 Hz, which is the measuring limit
of our instrument. All potentials were measured against and referred to the saturated calomel electrode
(SCE), Esce = 0.241 V vs. SHE. Finally, potentiodynamic curves were recorded by increasing the
potential at a scan rate of 3 mV/s starting from -1.0 V to +0.3 V.

3. RESULTS AND DISCUSSION

3.1. Open circuit potential behavior
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Figure 2a. Evolution of the OCP (E(t)) of technical titanium with immersion time (t/s) in salt media
free or containing the alga cell.
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Figure 2b. Dependence of E(t) on log (t/s) in salt media free or containing the alga cell.
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Figure 2c. Variation of the steady potential (E, = E(t) at t = 15 min) of technical titanium with the
alga cell density (p).

Fig. 2a shows the evolution of open circuit potential E(t) of technical titanium electrode in salt
media free or containing different occlusions of algae Dunaliella Salina. As can be seen, E(t) shifts
with time in the more electropositive direction of potential indicating spontaneous passivation,
possibly due to continuous healing and growth of a certain barrier film on the electrode surface
[20,21]. The rate of potential change seems to increase a little with increasing exposure time. By
considering the variation of E(t) with log (t/s) two intersecting linear segments are obtained, as
depicted in Fig. 2b. Such behavior indicates that the growing surface film has a duplex nature
[20,22,23].

Table 1. Values of b; and b, (for the inner and outer layers) of titanium surface film and its potential
(Ep) after 1h immersion in salt media free or containing different alga densities

Alga density ®p, °b, °E,
(®pc cell/ml) (V/decade) (V/decade) (Vsce)
Free media 0.033 0.090 -0.510

0.5%10° 0.068 0.300 -0.508
1.0x10° 0.090 0.300 -0.507

% pe: cell number (N¢)/ml.
®h, and b,: slopes of the linear relation segments in Fig. 2b.
“Ep: Ep = E(t) at t = 3600 s.

According to the literature [24] the film on titanium materials has a bi-layered structure
consisting of a barrier inner layer formed probably by thickening of the pre-immersion native TiO,
film, and a porous outermost layer due to biofilm formation on the top of the inner one. The linear
relationships between E(t) and log (t/s) shown in Fig. 2b indicate that the film growth follows a direct
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logarithm law (Eq.1), for which the formation process is likely the rate-limiting step in the dissolution-
precipitation mechanism [25,26]:

E =E°+ b log (t/s) 1)

where E° is the initial potential and b is the slope of the linear plot in VV/decade.

Table 1 lists some b values as a function of the alga cell density (p¢) per ml (pc = Ne/ml, N¢ being
the cell number). Moreover, Fig. 2c reveals clearly that after immersing technical titanium in the media
for 30 min, its free steady potential (Ep/V vs. SCE) moves continuously towards more noble values
with increasing the alga cell density quickly at first and then slowly when p. exceeds 0.5 x 10° cell/ml
until reaching an almost fixed value of -0.507 V (vs. SCE). At an ultimate alga density level of
~2.5x10° cell/ml the metal surface is supposed to be completely covered by a protective physical
barrier, most likely due to the formation of an adsorbed biofilm containing the alga cell [27]. This
causes retardation of the anodic process by blocking the active anodic sites on the corroding surface.
The formation of the biofilm was confirmed by stripping and analyzing the surface layer. In an
experiment performed by slicing and microbiological analysis of the part of solution adjacent to the
metal revealed accumulation of the alga cells at the electrode surface. The density of the alga cell was
found to be mostly ten percent higher than that in the bulk of the test media. Furthermore,
spectroscopic investigation [2] of that solution part showed the presence of B-carotene which is the
major secreted substance from Dunaliella Salina. Thus, enhanced positive shift of the free potential
(Ep) in the presence of alga Dunaliella Salina cell can be attributed to several factors, including its
accumulation at the electrode surface, adsorption of its secreted f-carotene, as well as production of
oxygen due to the alga metabolic and the photosynthesis processes caused by the scattered light [28].

3.2. Potentiodynamic polarization behavior
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Figure 3. Poteniodynamic polarization curves of technical titanium: (1) in free salt media and (2) in
presence of the alga at p. = 1.0x10° cell/ml.
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Figure 4. Dependence of the corrosion current density (jeorr) on the alga cell density (pc /ml) in the salt
media.

Typical examples of cathodic and anodic potentiodynamic scans for technical titanium obtained
in salt media without or with alga density of 1.0x10° cell/ml are shown in Fig. 3.
In general, the polarization curves have similar shape in both cases, but with different values,

where at any given potential the polarizing current density is always lower in the media containing the
alga.
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Figure 5a. Dependence of the steady potential (Es/V vs.SCE) after 1 h immersion on the forming
anodizing potential (V vs. SCE) of modified titanium surfaces in the absence and presence of
the alga at p. = 1.0x10° cell/ml in salt media.
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Figure 5b. The decrease in the corrosion current density (jcorr) With the forming anodizing potential of
modified titanium surfaces in the absence and presence of the alga cell at p. = 1.0x10° /ml in
salt media.

The value of the corrosion current density (jcor, tA/cm?) in each solution was estimated using
the software provided with the electrochemical workstation, and represented graphically as a function
of the alga cell density (p¢) in Fig. 4. The action mechanism of Dunaliella Salina via biofilm formation
has the general feature of an adsorption process, i.e. upon complete coverage (saturation) of the surface
by the alga at a density of ~1.0x10° cell/ml, the effect of alga concentration on jer value becomes
negligible. This trend is also evident from the change in the value of the free steady potential (Ey)
shown in Fig. 2c. It is likely that alga Dunaliella Salina cell is adsorbed preferentially on the defective
anodic and cathodic sites of the metallic substrate and thus enhances passive film formation on its
surface.

Furthermore, the inhibitive effect of Dunaliella Salina towards modified titanium surfaces
obtained by anodizing the metal up to different potential values, have been also investigated.
Anodization is a useful technique which affords oxide films with various controlled thicknesses on the
metal, thereby having different surface properties [29]. It is notable that thickness and electrical
properties of anodic oxide films on titanium are both strongly dependent on the formation potentials
[30,31]. Fig. 5a indicates that the steady potential (Es/V vs. SCE) of the modified electrode measured
after its steeping in salt media for 1 h, is always more electropositive in the presence of the alga at p. =
1.0x10° cell/ml than in its absence for any anodized surface, suggesting that alga cell can stimulate the
formation of better passive films. The improved metal performance is further confirmed by the results
presented in Fig.5b, where the corrosion rate in term of the corrosion current density (jcor) for a given
modified surface in salt media containing the alga cell is clearly inferior to that measured in the free
media alone. The results generally indicate that the adsorption process of the alga cell occurs also on
the oxidized surface, and that its propensity to reduce the corrosion rate of technical titanium is higher
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for the anodized surface than for the abraded one. Another explanation for the inhibition activity of
alga Dunaliella Salina may be due to stimulating film healing and thickening by increase the level of
oxygen in the media resulting from its metabolic processes. On the other hand, change in the
susceptibility of the oxide films towards chemical dissolution can also be ignored in the present study,
because alga Dunaliella Salina does not have any ability to change the pH of the medium by absorbing
CO,, due to the auto buffering action of the highly saline media used. In addition, the influence of the
other secreted substances glycerol and -carotene was also investigated using the same techniques. The
conclusion drawn from the obtained results was that glycerol has no influence on the corrosion
behavior of technical titanium, whereas -carotene has almost the same effect as the tested alga. Fig. 6
shows that the decrease in the corrosion current density of technical titanium with B-carotene is much
higher than the decrease due to the presence of the whole alga cell at various concentrations. This
confirms that the effective material in the inhibition mechanism is 3-carotene.
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Figure 6. Change of corrosion current density (jcorr) of technical titanium with B-carotene addition in
ug/ml; the results with the alga are given for comparison.

3.3. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a useful technique for in situ characterization
of many corroding systems without disturbing them, as it is essentially measured at the free corrosion
potential of zero net current by using small perturbed ac signal [32]. It enables tracing the impedance
(Z(w)) of the metal/electrolyte interface as a function of the frequency (f/Hz) of the applied ac signal
[33]: Z(w) = Z'(w) + jZ"(w), Z"(w) = 1ljwC, the angular frequency w = 2xf rad s, and C being the
interfacial capacitance in cm?/uF. Therefore, this technique was used for recognition of the mechanism
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of B-carotene inhibition against corrosion of technical titanium. It is also well known that corrosion
inhibitors for titanium materials are rare, and if any they are not significant probably because of the
good corrosion resistance of titanium and its alloys in aqueous environments [34]. Thus, searching for
efficient inhibitors to control the corrosion of titanium materials is beneficial with regard to acid de-
scaling and salt laden media. In the following series of experiments EIS was used to investigate the
role of B-carotene as a corrosion inhibitor for technical titanium in sulfate media of different pH. The
[-carotene inhibitor used was extracted from the unicellular alga Dunaliella Salina as described and
referred to before in the experimental section.

3.3.1. Behavior in 1.0 M H,SO,
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Figure 7a. Bode plots for the measured and fitted EIS data of technical titanium in free 1.0 M H,SO,
as a function of the immersion time. The inset represents the equivalent circuit model with two
series time constants used to fit the experimental results ( R;=
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Fig. 7a shows the EIS scans presented as Bode plots for technical titanium in blank 1.0 M
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H,SO,4 solution at different immersion periods. As can be noted, all impedance diagrams show a
distinct capacitive behavior, typical of passive materials, at mid to low frequencies as inferred by a
very broad phase peak, indicating the presence of a highly stable passive layer on the electrode surface
[20,22,24,35]. The figure reveals that the increase in the immersion time leads to increase of the
impedance modulus (|Z|) at 0.1 Hz, which is dominated by the properties of the barrier layer. In
addition, the broadness of the phase peak becomes more evident with time. This behavior demonstrates
spontaneous passivation due to the development of a more resistive corrosion product film on the
sample surface, which grows by a dissolution-precipitation mechanism [31]. On the other hand, the
behavior tends to be resistive at higher frequency region, where the phase angle (OQ/degree) after any
elapsed period falling rapidly to zero with increasing frequency. This impedance limit corresponds to
the solution resistance.

In fact, each obtained wide phase peak confirms the presence of two interlacing time constants,
the one at high frequencies is determined by the Kkinetics of the corrosion process, while that at low
frequencies is determined by the dielectric properties of the film [2]. Therefore, analysis of the
obtained results was made by fitting the impedance data to the appropriate equivalent electrical circuit
(EEC) drawn as inset in Fig. 7a. This electronic model takes into account the presence of a duplex
surface film, and was found to give the best fitment with the experimental impedance spectra, as
depicted in Fig. 7a, and the similar ones with an average error of less than 3% for the whole frequency
range. The suitability of an EEC was evaluated based on the quality of the fit to the experimental data,
the relative error in each parameter and the physical meaning attributable to each circuit element. In all
of the present Bode plots the points represent the measured values and the respective continuous curve
represents the simulating results according to the suggested model. The successful proposed model
consists of a capacitance and resistance parallel combination (C;1R;) assigns to the inner barrier layer of
the surface film serial connected to another parallel combination (C;R;) related to the capacitance and
resistance of the outer porous layer, and the two circuits are in series connection with the solution and
other uncompensated ohmic resistance (Rs). The fitment procedure was carried out using Thales
software provided with the impedance workstation, where the following dispersion formula
representing the electrode impedance was used in the fitment process [36-38]:

R . R
1+RC,(jo)*  1+R,C,(jo)™

Z(o) = R+ (2)

In this transfer complex function (Eq. 2) the two empirical exponents n; and n, varying
between 0 and 1, are introduced to account for the deviation from the ideal capacitive behavior caused
by surface inhomogeneties, roughness factors and adsorption effects [36-40]. Values of the theoretical
circuit parameters as well as the two fit parameters n; and n; are all estimated and listed in Table 2.
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times
Time R, Cl o1 R, Cz o Rs
(t/min) (kQ (uF/cm®) kQ cm?) | (uF/em®) (Q cm®)
cm°)
5 26.51 97.10 | 0.87 2.96 308.59 | 0.82 | 053
30 64.48 79.40 | 0.88 3.48 194.63 | 0.79 | 0.54
60 122.27 | 32.10 | 0.82 4.85 701.36 | 0.80 | 0.52

4623

Table 2. Equivalent circuit parameters for technical titanium in 1.0 M H,SO, at various immersion

At the low frequency limit, it can be seen that n; ~ 0.8, indicating that the corrosion process is
not controlled by diffusion. Furthermore, evolution of the corrosion process leads to increase the inner
layer thickness as inferred from the decrease of C; value; C is being inversely proportional to the oxide
thickness (d/cm) [20,22,31,35,41] following the expression for a parallel plate capacitor: C = gq&/d,
where ¢, and &, are the vacuum permittivity (8.85x 10* pF/cm) and relative dielectric constant of the
oxide layer, respectively. On the other hand, C, increases indicating that the outer layer thickness of the
surface oxide film decreases with time. Regarding the bulk of the oxide, it becomes more impervious
as it grows since R; and R; are both increased [35]. Fig.7b presents as well the variation of total film
resistance (R: = R; + R2) and its total relative thickness (1/C; = 1/C; + 1/Cy) in 1.0 M H,SO, as a
function of the exposure time (t/min). The results reveal that, both of the two parameters increase with
time evolution, suggesting continuous improvement in the corrosion performance of technical titanium
in the tested medium.

3.3.2. Effect of -carotene
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Figure 8a. Bode plots for the measured and fitted EIS data of technical titanium after 60 min
immersion in 1.0 M H,SO, solution containing different B-carotene additions.
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Figure 8b. Increase of R; and 1/C; with the exposure time for technical titanium in 1.0 M Na,SO,4
solution (pH = 7.0) free or containing 50 pg/ml B-carotene.

In these experiments, EIS Bode plots of technical titanium were recorded after 60 min
exposure in 1.0 M H,SO, solutions containing different additions of B-carotene in pg/ml as presented
in Fig. 8a. All spectra reflect qualitatively the same features, indicating that 3-carotene does not modify
the mechanism of corrosion but merely decreases the corrosion rate of the sample, so the absolute
impedance (|Z|) at the low frequency limit increases with increasing [-carotene level [42]. As revealed
in Fig. 8b the increase in both R; and 1/C; values with the immersion time is more remarkable in the
presence [-carotene, which likely indicates an increase in the growth rate of oxide formation, or a
decrease in the rate of its dissolution. Thus, the role of B-carotene refers to sealing of the surface by an
adsorbed layer incorporated the oxide film and hence higher resistance to corrosion, where at any
immersion time both C; and C, values decrease with increasing the inhibitor concentration.
Subsequently, one can calculate the degree of surface coverage () from the relation [38,43]:

0= 1- Rot/ Rt (3)

where Ry and R’ are the total resistance of the surface film in the presence of B-carotene and in
its absence, respectively. Fig. 9a shows the dependence of & on the inhibitor concentration, while Fig.
9b confirms the obedience to Temkin isotherm of the adsorption behavior of 3-carotene on technical Ti
as expected for a rough surface [44]. The Temkin isotherm can be written in its simplified version as
follows:
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log &=y + xlog Cinn 4

where y and x are two empirical constants and Ci,y, is the equilibrium adsorbent concentration in
solution, y is equal to log @ at unit Ciy, and X is the slope of the linear relationship between log 6 and
Iog Cinh.

[B-carotine] (ug/ml)
Figure 9a. Adsorption isotherm of B-carotene on technical titanium in 1.0 M H,SO, solution at 30 °C.
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Figure 9b. log 0-log (B-carotene, pg/ml) plot for technical titanium in 1.0 M H,SO, solution to fit
Temkin isotherm (Eq. 4).

The obtained results further confirm that the inhibitive action of B-carotene is by physisorption
mechanism through the conjugate system of the double bonds in its molecular formula. The adsorbed
molecules retard the oxide dissolution process, thereby the surface film grows up and its thickness
increases with increasing [3-carotene content.



Int. J. Electrochem. Sci., Vol. 8, 2013 4626

3.3.2. Effect of pH
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Figure 10. Bode plots for the measured and fitted EIS data of technical titanium after 60 min
immersion in 1.0 M Na,SOy solution with pH 7.0 containing different -carotene additions.

Table 3. Equivalent circuit parameters for technical titanium at various immersion times in 1.0 M
Na SO, solution of pH 3.0 free or containing different additions of B-carotene

Time Ry C; o R, C, o R
(t/min) kQem?) | (uF/em?) kQem?) | (uF/em?) (Q cm?)
Free solution

5 41.02 36.16 0.80 39.80 97.05 | 0.63 1.84
30 97.91 31.75 0.89 55.22 70.41 | 0.67 1.88
60 180.63 29.80 0.89 69.12 53.23 | 0.71 1.88

5 ng/ml B-carotene
5 34.80 39.36 0.87 33.33 66.36 | 0.62 1.70
30 101.53 33.55 0.88 57.29 4550 | 0.66 1.71
60 183.22 29.32 0.87 55.31 41.82 | 0.60 1.73

10 pg/ml B-carotene
5 29.23 40.87 0.86 52.58 38.44 | 0.63 1.73
30 121.90 32.09 0.87 66.11 30.24 | 0.67 1.76
60 218.44 28.61 0.86 72.71 26.13 | 0.68 1.78

30 pg/ml B-carotene
5 243.93 36.23 0.93 0.323 3.15 0.83 3.78
30 264.42 34.87 0.87 0.024 114.36 | 0.74 2.17
60 355.13 34.67 0.87 0.025 116.77 | 0.74 2.18

50 pg/ml B-carotene
5 25.11 43.14 0.85 0.044 93.73 | 0.76 2.22
30 147.60 37.73 0.87 0.034 9041 | 0.74 2.23
60 278.33 36.86 0.88 0.053 85.41 | 0.75 2.29
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Table 4. Equivalent circuit parameters for technical titanium at two immersion periods in 1.0 M
Na,SOy solution of pH 7.0 free or containing different additions of B-carotene

Time R: C: 01 R, C, 0 Rs
(t /min) (kQ cm?) | (uF/em®) (kQ cm?) | (uF/em?) (Q cm®)
Free solution
5 48.93 32.72 0.87 56.31 58.30 0.70 1.83
60 231.71 30.33 0.88 74.83 36.91 0.72 1.70
5 pg/ml B-carotene
5 42.60 22.28 0.82 88.42 11.82 0.60 1.61
60 381.03 36.16 0.83 70.74 17.11 0.73 2.01
10 pg/ml B-carotene
5 69.21 30.94 0.75 47.22 26.52 0.62 1.70
60 550.24 18.68 0.82 88.10 15.20 0.67 1.71
30 pg/ml B-carotene
5 79.62 26.70 0.82 51.41 32.81 0.73 1.92
60 716.90 20.57 0.82 62.73 27.11 0.74 2.01
50 pg/ml B-carotene
5 92.33 21.67 0.78 74.82 11.20 0.64 1.70
60 1624.54 14.67 0.79 94.10 9.10 0.66 1.84

The effect of B-carotene concentration on the sample behavior observed in 1.0 M Na;SO4
solutions of pH 3.0 and 7.0 was also investigated by EIS at various immersion periods. Fig. 10 shows a
typical example for the results obtained after 60 min exposure in sulfate solution of pH 7.0. The
theoretical impedance parameters derived from the fitment analysis of the experimental data using the
EEC model shown as inset in Fig. 7a are all summarized in Tables 3 and 4.
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Figure 11a. Variation of R; and 1/C; for technical titanium with the pH of (1.0 M Na,SO4 + 50 pg/ml
[-carotene) solution after 60 min immersion.
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Figure 11b. Variation of inhibition efficiency (6%) with the pH of (1.0 M Na,SO4 + 50 ug/ml B-
carotene) solution.

From these data and the results of Figs. 11 and 12, it is worthy to note the following:

@) In free sulfate solution both R; and 1/C; values increase with pH, being at a slightly
higher rate over the pH range 0.0-3.0 than afterward.

(b) On the other hand, in B-carotene containing solutions the two same mentioned
parameters decrease slightly up to pH 3.0 followed by an abrupt increase in their values at higher pH.
Thus, at pH 7.0 and after 60 min exposure R; reaches 1.72 MQ c¢m? and 1/C; becomes equal to 0.178
cm?/puF compared to 306.5 kQ cm? and 0.060 cm?/uF, respectively in the free 1.0 M Na,SO4 solution.

(© Adsorption of B-carotene decreases both C; and C, capacitances of the interface. It is
well established that the extent of adsorption depends on the charge of the surface, being a maximum
at the isoelectric point of the electrode surface [45] for the adsorption of neutral species. The solubility
of a substance in water is significant as well, in the sense of the chemical compatibility between the
water and the solute. Generally, the more hydrophilic a substance the less likely it is to be adsorbed.
Conversely, a hydrophobic substance will more likely be adsorbed [42].

(d) The inhibition efficiency (6%) of B-carotene increases with pH first at a high rate over
the acidic pH range and then tends to stabilize in neutral solution, reaching ~ 90% at almost pH 7.0.

4. CONCLUSIONS

This work paves the way to the development of surface prevention of biofilm formation for
corrosion inhibition in relation to electrochemical science and technology. That would have a potential
impact for the future practical applications of various metallic materials under aggressive conditions.
The obtained results of the electrochemical measurements indicated that the corrosion performance of
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technical titanium in highly saline media can be significantly improved in the presence of alga
Dunaliella Salina or its secreted B—carotene compound. However, the decrease in the corrosion rate
due to p—carotene addition is much greater than the decrease due to the presence of the whole alga cell
at various concentrations. Moreover, the decrease in the corrosion rate for the modified anodized
titanium surface is higher compared to the non-modified abraded one, suggesting that alga cell can be
also adsorbed on the oxidized titanium surface. The obtained EIS data showed that the total resistance
(Ry) of the surface film in sulphate solution, as well as its relative thickness (1/C;) are both increased
appreciably with immersion time specially when p—carotene is in solution. The dependence of surface
coverage (0) on p—carotene concentration indicates an adsorption mechanism for its inhibitive action in
accordance to Temkin isotherm. Additionally, the percentage inhibition (6%) was found to increase
with increasing the pH of the test medium, and its value tends to stabilize in the neutral sulfate solution
reaching ~ 90% at pH 7.0.
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