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ABSTRACT

Here, we describe the characteristics of the Cape-Djinet thermal station seawaters of
Boumerdes (Algeria). The high hardness had disastrous consequences. Potential, tempera-
ture and brine effects on calcareous deposition on titanium electrodes were measured using
chronoamperometry and are reported in this paper. Electrochemical measurements showed
that the dissolved oxygen played a key role in calcareous deposition. It has been shown that
the reaction of reduction oxygen dissolved on the titanium electrode occurred with a global
4 electron process. Scanning electron microscopy images of titanium electrodes that were
polarized at —1.3 V/SCE for 1 hour in natural seawater at 20°C showed that the electrode
surface was completely covered with deposits in the form of compact layers that were
adherent to the surface of the electrode followed by well-dispersed crystals. SDE analysis
confirmed these results in which the peaks were rich in magnesium, oxygen and calcium.
In contrast, for the brine solution, the deposit was in the form of crackled, weakly bonded
platelets followed by those with a small crystal grain size having cubic form. SDE analysis
revealed that these crystals were strongly related to sodium chloride salt.
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1. Introduction

Scale formation problems threaten many industrial
activities. In general, the exploitation of the Cape-Djinet
circuit seawater desalination thermal plant (located on
the east sea of Algiers, near the city of Cape-Djinet in
the town of Boumerdes (Algeria)) faces three types of
problems: biological developments, scaling and

*Corresponding author.

corrosion. Under certain conditions, these three prob-
lems interact with each other to form hard deposits that
are highly adherent to the walls of tubes [1].

During the heating of seawater, hardened salts tend
to come off. This fallout deposited on interior surfaces
of tubes and heat exchangers forms a hard crust and
causes an increase in power consumption and lower
performance, which may limit their operation [2]. The
objective of this study fits into this framework. Indeed,
we followed the evolution of the recovery of titanium
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electrodes by calcareous deposit depending on the
potential, temperature and brine using voltammetry
(linear and cyclic) and chronoamperometry.

Electrochemical methods consist of determining
calcareous deposit formation on titanium electrodes
by the dissolved oxygen reduction [34]:

O, +2H,0 + 4e — 40OH™

O, +2H,0 + 4¢ — 40H™ M

and/or by the water reduction:

2H,0 +2¢ — H, + 20H™ 2

The production of hydroxyl ions (OH") by reactions
(1) and (2) allows magnesium hydroxide precipitation,
provided that the interfacial pH reaches the critical
value of 9.3 [4]:

Mg?* + 20H™ — Mg(OH),(s) 3)

Moreover, these reactions lead to changes in the inor-
ganic carbonic equilibrium at the metallic interface:

OH™ + HCO; — H,0 + CO¥ )

and allow CaCOj precipitation:

Ca’t + CO3™ — CaCOs(s) 5)

In our case, to have additional information that
allows us to better understand the mechanisms of
calcareous deposit formation (CaCO; and Mg(OH),)
[5,6], we used two techniques: voltammetry and
chronoamperometry. The first technique consists of
imposing on titanium electrode, as the working elec-
trode, a potential that varies linearly. The measure-
ment of current intensity that flows between the
working electrode and the counter electrode allows
one to obtain polarization curves (I =f(E)), which
inform us of the electrochemical behaviour of tita-
nium/solution interface.

The potential scan rate and the electrode nature
influence the position and the shape of the polariza-
tion curve. The reaction rate is governed by a diffu-
sion step in which the rotation speed of the electrode
is constant, the diffusion-limited current iy becomes
maximum if Cs (x = 0) = 0.

Admitting the validity of the Nernst hypothesis,
the reaction rate is written as [7]:
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— = (6)
In laminar flow, the diffusion layer thickness value is:

5 = 1.61D"3yp1 /oW —1/2 )

The corresponding value of the current is called the
“diffusion limited current”, which appears on the
polarization curve as a diffusional plateau. The diffu-
sion-limited current from the Levich equation is pro-
portional to the square root of the electrode rotation
speed.

I = 0.62nFADG; v 1/°C W2 = KIW'/2 ®)

where [, is the limiting current in A, n is the number
of electrons involved in electrode reaction, F is Fara-
day’s constant (96,485 C mol ™), A is the electrode area
in cm?, Do, is the oxygen diffusion coefficient in the
electrolyte in cm?s™, v is the kinematic viscosity of
the electrolyte in cm?s™', Cq is the concentration of
oxygen in the bulk solution in molecm™, W is the
angular speed of the rotating disc electrode in rad s*
(1 rpm =27/60rad s™") and K is the constant of the
Levich criterion (A cm ™2 rad /2 s'/?).

The Levich equation is valid only if the rotating
speed is important to rapidly reach steady state while
remaining in a laminar flow [8].

2. Experimental
2.1. Set-up

Electrochemical measurements were carried out
using a programmable electrochemical system and an
analytical radiometer (PGP 201) France, which were
driven by a Voltmaster 4 to save the polarization
curves (I = f(E)) and chronoamperometric curves (I = f
(£)). The working electrode was connected to a rotating
system (speed control unit), and we manually
monitored its rotation speed.

The working electrode in titanium had an active
area of 7.06 mm?, in which a calcareous deposit was
formed at different potential values for two hours
compared with a saturated calomel electrode (SCE) as
Refs. [9-12]. The titanium electrode was polished on
abrasive paper in silicon carbide (SiC 1,200) (14 pm).
Then, the electrode was placed in a diluted hydrochlo-
ric acid solution, in acetone for 10 min, and then in
40% ethylic alcohol for 15 min. The electrode was then
rinsed with Milli-Q water. To reduce the oxide layer,
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which formed with exposure to fresh air on the tita-
nium surface, electrochemical polishing was necessary
to render a smoother and brighter surface on the tita-
nium. The procedure is described in Refs. [13,14]. To
this end, the electrode was polarized at —2.5 V/SCE
for 5 min and was polarized at an imposed potential.

2.2. Cape-Djinet seawater characterization

The natural seawater (NSW) came from the Cape-
Dijinet thermal desalination plant. This water was of
considerable salinity, charged with calcium and
magnesium (see Table 1).

3. Results and discussions
3.1. Linear voltammetry
3.1.1. Speed rotation electrode effect

Because dissolved oxygen reduction is the main
driving force of electrochemical scaling, we plotted the
polarization curves (I = f(E)) in the cathodic domain.
Fig. 1 shows the polarization curves (I = f(E)) obtained
in NSW (composition specified in Table 1) at different
rotation speeds of titanium. The scanning was per-
formed from 0 to —2 V/SCE at 20°C with a scan rate
of 10 mV /SCE.

By examining the curves, we found that they had
a wave that ran from —-0.6 to —-1.5V/SCE with a
global 4 electron process, which corresponded to the
reduction of the dissolved oxygen reaction (1). In this
case, the direct reduction of O, to OH™ predominated
followed by the reduction in O, to H,O, and then
H,0, to OH™, which was related to the nature of the
metal:

0O, +2H,0 +2¢ — H,O, +20H"™ 9)
H,0, +2¢e — 20H™ (10)
Table 1

NSW characterization at 20°C

Analysis Value

pH 7.6
Electrical conductivity (Cd) 51.6 ms/cm
Total hardness (TH) 660 °F
Calcium Hardness (THZ)) 300 °F
Magnesium hardness (THZ.) 360 F
Alkalimetric title (TA) 0.85 F
Complete alkalimetric title (TAC) 115 °F
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Fig. 1. Polarization curves (I =f(E)) of NSW-titanium
electrodes with different rotation speeds at 20°C.

Beyond a potential of —1.5 V/SCE, we found a strong
hydrogen evolution resulting from the water reduction
reaction (2).

3.1.2. Temperature effect

Fig. 2 shows that the current increase was propor-
tional to the temperature increase. In fact, the tempera-
ture increase produced two effects. On one hand, it
favoured water reduction. On the other hand, it pro-
duced an increase in the limiting current of dissolved
oxygen reduction, which was linked to the increase of
the oxygen diffusion coefficient. This parameter was
demonstrated to be more important than the opposite
effect, which was the reduction of oxygen solubility in
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Fig. 2. Polarization curves (I=f(E)) of NSW-titanium
electrodes for different temperatures at 500 rpm.
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water, as Rosset already showed [15]. Indeed, Kunjapur
et al. [16] showed that the O, reduction reaction was
accelerated by a temperature increase. However,
Ketrane et al. [17,18] noted that for electrochemical scal-
ing tests in temperature range of 20-50°C, the potential
(E) of —1.0 V/SCE seemed adequate. At this potential,
for all temperatures, the oxygen reaction sufficiently
developed to provide interfacial pH conditions for pre-
cipitation. Moreover, for these conditions, hydrogen gas
evolution was not very developed. The increase in the
currents was explained by the thermal agitation effect
and by two other combined effects: the decrease of the
solution viscosity and the increase in the diffusion
coefficient [4,19].

3.2. Cyclic voltammetry
3.2.1. Speed rotation electrode effect

Fig. 3 shows the voltammograms registered in
NSW at scan rate of 10 mV/s, we obtain:

When scanning towards cathodic potentials, a
diffusion plateau appeared ranging from —0.6 to
—1.5V/SCE in an overall four-electron process. This
plateau increases with increase of the electrode rota-
tion speed.

During the return scan towards anodic potentials,
a peak appeared corresponding to the oxidation of
titanium formed by titanium oxide (E, = +1.0 V/SCE).

3.2.2. Temperature effect

In Fig. 4, we noticed that the increase in current
density was proportional to the temperature.
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Fig. 3. Cyclic voltammograms of the NSW-titanium
interface at 20°C for different rotation speeds.
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When scanning towards cathodic potentials, the
temperature increase had two effects: it favoured the
water reduction and produced an increase in the cur-
rent limit of dissolved oxygen reduction. The shape of
the curve was similar to those in Fig. 2 and was in
conformity with what has been reported in the litera-
ture [20]. A diffusion stage relationship to the dis-
solved oxygen reduction was observed. OH ions
resulted from cathodic reduction of the dissolved oxy-
gen in water (Eq. (1)). At more cathodic polarization,
an intense hydrogen release due to the water decom-
position reaction (Eq. (2)) was observed.

When scanning towards anodic potentials, the
increase in temperature accelerated the oxidation of
titanium.

3.3. Chronoamperometry
3.3.1. Potential effect

Under the same experimental conditions (tempera-
ture 20°C, electrode rotation speed 1,000 rpm and
NSW solution), we varied the potential imposed on
the working electrode from —0.8 to —1.4 V/SCE. By
examining the curves in Fig. 5, we used the parame-
ters summarized in Table 2. Through analysis of these
parameters, we could deduce that a calcareous deposit
was supported for the more cathodic potentials.
Indeed, the lowest scaling time (ts) corresponded to
the deposit realized at —1.4 V/SCE (ts = 11 min). This
time scaling was inversely proportional to the applied
cathodic potential contrary to the index scaling (Is)
defined by Is = 1,000/ts. This result was in accordance
with the results of work already reported [21,22].
Additionally, an increase in the initial current (Ip) vs.
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Fig. 4. Cyclic voltammograms of the NSW-titanium

interface at 500 rpm at different temperatures.
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Fig. 5. Chronoamperometric curves of the NSW-titanium interface at 1,000 rpm and at 20°C under different potentials.

Table 2
Parameters determined from the chronoamperometric curves
E (V/SCE) -0.8 -0.9 -1.0 -1.1 -1.2 -1.3 -14
Ip (WA/cm?) -5.71 —23.28 —15.42 —63.00 -51.57 —-16.14 —207.00
Lies (WA/cm?) -113.14 —107.14 —171.85 —143.28 —94.57 —63.42 —304.14
ts (min) 30 20 18 15 14 12 11
Is (min™") 33.33 50.00 55.55 66.66 71.42 83.33 90.90
potential imposed confirmed that germination was 600 - —20°C
faster at more cathodic potentials. | el

The scaling indices were in the range of o -500 1 ——80°C
15 < Ig > 100, which indicated that NSW calcified as £ ]
classified by Ledion et al. [23]. < -400

The deposit formed at -14V/SCE weakly > 1
adhered to the surface of the electrode and could be 3 .300 -
easily removed by slight mechanical friction. This § 1
result was explained by friability of the deposit o -200
caused by strong hydrogen evolution where the high- 5 ]

. . O -100
est residual current corresponded to the potential |
(ires = —304.143 pA/cm®) and high concentration of 0 Z—If ; ; ; ; .
sodium chloride (29.631 g/L). 0 10 20 30 40 50 60
Time (min)

3.3.2. Temperature effect

Fig. 6 shows the chronoamperometric curves at dif-
ferent temperatures, 20, 40, 60 and 80°C. The tests
were carried out to a potential of —1.3 V/SCE and a
speed rotation of 1,000 rpm for one hour.

In reviewing these curves, we found that the
parameters already mentioned above (fs and i,.;) were
inversely proportional to the temperature at lower

Fig. 6. Chronoamperometric curves of NSW-titanium
interfaces at 1,000 rpm and at —1.3 V/SCE at different
temperatures.

values at 40°C. However, we noticed that ts and i,
increased.

We observed that at ¢ = 0 min, when the tempera-
ture increased, the current density became high,
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Fig. 7. Brine effect on calcareous deposition obtained in
NSW at 1,000 rpm under different potentials.

indicating that deposition was quick. Additionally,
we noticed that the current decrease was very fast,
important

revealing the calcareous  deposition.
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Furthermore, we observed fluctuations in the curves
at 60 and 80°C, showing the friability and the poros-
ity of layer deposit formed. This result was caused
by the strong hydrogen evolution and the change of
the deposit structure at high temperatures together
with the influence of chlorides where the residual
current increased as a function of temperature.
Indeed, the temperature increase had two effects.
Firstly, it promoted water reduction, inducing an
important hydrogen current. Secondly, it produced
an increase in limiting oxygen reduction related to
an increase of the diffusion coefficient of dissolved
oxygen. Following these two effects, an increase in
the interfacial pH led to the formation of brucite. In
other words, the temperature increase accelerated
water reduction; therefore, the interfacial pH
increased, thereby favouring the formation of Mg
(OH),. However, the acceleration of water reduction
produced a significant hydrogen evolution, and the
transfer did not follow a diffusion regime.

LU T L X B A B £ BT L . B K L B

cl

b2

8 6 7
) 3 .

(U BB R B L L BN B B )

Fig. 8. Microscopic observations of calcareous deposits at —1.3 V/SCE, (al) NSW, (b1) brine, (a2) and (b2) SDE spectra of

the indexed zones.



N. Ghemmit-Doulache and A. Remli | Desalination and Water Treatment 57 (2016) 10443-10450

3.3.3. Brine effect

Seawater is known for its high salinity and power
lime scale. In addition, the evaporation of seawater in
the heat exchanger circuit desalination part entails a
significant increase in salinity. Then, it becomes inter-
esting to explore the effect of salinity on the scale
formation phenomenon. Chloride ions were chosen
because they are known to have a low activity in the
calcareous deposition phenomenon [24].

Fig. 7 shows curves for the variation of the current
density vs. time for NSW and brine solutions to —1.2
and —1.3 V/SCE, respectively. These curves showed
that brine played a significant role in calcareous
deposition. Indeed, brine entailed a high current den-
sity and higher residual current than that of NSW,
which was explained by the friability of the deposit
caused by a high concentration of sodium chloride
(32.20 g/L NaCD).

3.4. Morphological analysis and chemical composition

Scanning electron microscopy images of titanium
electrodes polarized at —1.3 V/SCE for 1 hour in NSW
and in brine at 20°C are given in Fig. 8. Fig. 8(al),
which is related to seawater, shows that the electrode
surface was completely covered with deposit in the
form of compact layers that were adherent to the elec-
trode surface, followed by well-dispersed crystals [25].
These results were in agreement with those found by
chronoamperometry. Indeed, calcareous deposits
gradually overlaid the metal surface and insulated the
metal phase of water, which caused a decrease in the
reduction current of oxygen through the electrode (see
Fig. 7). Consequently, the residual current was directly
related to the morphology of the deposit; the latter
was more compact and more insulating when the
residual current was low. Additionally, cracking of the
deposit observed on Fig. 8(al) was caused by hydro-
gen bubbles that formed at the lower potential at
—1.1 V/SCE [5,26,27]. Indeed, the potential was suffi-
ciently negative to yield the water reduction, and
thereby significantly increase the interfacial pH. The
SDE analysis confirmed these results in which
Fig. 8(a2) shows peaks rich in magnesium, oxygen
and calcium. This result agreed with those of authors
[5,28,29] who have found that predominant allotropic
forms of calcareous deposits (formed at —1.3 V/SCE)
were brucite Mg(OH), and aragonite CaCOs.

In contrast, Fig. 8(b1) of brine shows that the elec-
trode surface was completely covered with a deposit
formed of weakly bonded, crackled platelets followed
by those that had a small crystal grain size and were
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cubic shaped. The SDE analysis (Fig. 8(b2)) revealed
that these crystals were strongly related to sodium
chloride salt, as noted above.

4. Conclusion

In this work, the effects of the potential, temperature
and brine on calcareous deposition on a titanium sur-
face were investigated. Chronoamperometric measure-
ments and surface analysis showed that the deposit
realized at a potential of —1.3 V/SCE was formed by
compact layers and was adherent to the electrode sur-
face. The effect of brine on calcareous deposition
showed that the electrode surface was covered with
crackled platelets composed of sodium chloride. These
results agreed with the chronoamperometric measure-
ments, showing that the current density and the resid-
ual current were more important than those of
seawater. The same result was observed at high tem-
perature in which we obtained fluctuations in the
curves at 60 and 80°C, revealing the friability and poros-
ity of the layer deposit formed.

Future work will aim to study the effects of differ-
ent inhibitors on calcareous deposition on titanium
surfaces.
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