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Precipitation of CaCOs, as the most important part of scales, causes a serious problem in industrial equipment
such as pipelines and desalination plants. The effect of the hydrogen evolution phenomenon on the electro-
chemical precipitation was studied through varying different factors including cathodic potential (CP), bi-
carbonate concentration, and solution temperature. The application of CP from —0.8 Vscg to —1.2 Vg, an
increase in bicarbonate concentration and temperature elevation from 25 °C to 45 °C led to the increase of scaling

time (t;) and residual current density (i,). In all cases, it was indisputably found that the hydrogen evolution
phenomenon had a predominant effect on the calcium carbonate precipitation. The surface analyses by means of
scanning electron microscopy (SEM) showed formation of crystals in two defined forms of calcite and aragonite.
Moreover, the energy dispersive spectroscopy (EDS) technique confirmed the formation of CaCOj crystals.

1. Introduction

Many activities have been performed to reduce the precipitation
phenomenon [1,2]. Formation of mineral scales on the internal wall of
heat exchangers, boilers, cooling water systems, and desalination plants
reduces the tube's diameter, causes significant decrease in heat transfer
efficiency and may be occasionally lead to the shutdown of the in-
dustrial plant [3,4].

Cathodic protection is an effective method to reduce the corrosion
process in desalination unites. However, one major problem associated
with cathodic protection is that it can lead to the formation of mineral
scales known as “calcareous deposits” whose major constituent is cal-
cium carbonate (CaCO3) [5,6]. Mineral scales, mainly as CaCO3, may
cause serious problems such as pitting corrosion or failure in the
structural metal of equipment [7].

To evaluate the precipitation process, the experiments must be run
in conditions similar to the actual operating system conditions.
However, this takes a lot of time [8]. Therefore, certain procedures of
scaling study have been based on the acceleration of calcareous pre-
cipitation. Among them, some are chemical using materials such as
sodium hydroxide and sodium carbonate [9], whereas some others are
electrochemical techniques such as chronoelectrogravimetry, im-
pedancemetry and chronoamperometry [6,10-13]. Electrochemical
precipitation occurs in a very thin layer on the electrode surface, con-
trary to chemical precipitation that occurs in the whole solution [14].
Indeed, electrochemical methods are based on the increase of the

interfacial pH of the metal caused by oxygen and water reduction re-
actions as a result of the application of cathodic potential (CP). Then,
the concentration of carbonate ions increases according to the following
reaction [15]:

HCO;~ + OH™ - CO32~ + H,0 (€]

Afterward, the increase of carbonate concentration induces the
CaCOj scaling as [7,15]:

CO5%~ + Ca?* — CaCOs gy @)

The influence of different parameters such as seawater composition
[2,5,6,11,16,17], flow rate of solution [18-23], pH of solution (pH;)
[21] and solution temperature [6,11,17,21,22] have been studied on
the formation and characteristics of calcareous scales. However, mainly
due to the various compositions of seawater solution used and sub-
strates considered, some contradictory results and conclusions have
been reported [11]. It is well known that calcium carbonate is the major
constituent of scales and understanding its deposition mechanism is
very important. Barchiche et al. proposed that in the absence of Mg?*,
calcium carbonate deposits in two crystalline forms: calcite and ara-
gonite on gold [2]. Benslimane et al. studied the inhibition effect of
Zn?* on CaCOj; precipitation in a synthetic CalcoCarbonically pure
(CCP) solution [12]. Some other researchers have investigated the
calcareous scaling in artificial seawater based on standard ASTM D1141
[5,11]. In these works, the mechanism of CaCO; precipitation is af-
fected by the contribution of other types of scales such as Mg(OH), [2]
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as well as the presence of other ions such as S0,42~ and Ca2™ [11].
Deslouis et al. characterized calcareous deposits on gold electrode in
artificial seawater in the absence of Mg(OH), and in hydrodynamic
conditions [18].

Deposition process under the application of CP is commonly asso-
ciated with the hydrogen evolution phenomenon due to water reduc-
tion reaction. Okstad et al. reported the significant effect of hydrogen
bubbling on calcareous deposits during cathodic protection [19].
Nevertheless, the effect of hydrogen evolution on the precipitation of
CaCOs in the absence of interfering ions like Mg®* and SO4*~ on the
surface of carbon steel calls for further investigation.

The main objective of the present research was to study the hy-
drogen evolution phenomenon associated with CaCO3 scale formation
under the application of CP and in the absence of the formation of other
scales like Mg(OH),. Moreover, the effect of CP, bicarbonate con-
centration, and solution temperature on the CaCO3 precipitation was
investigated. In so doing, artificial seawater was prepared based on
seawater according to ASTM D1141. The characteristics of the CaCO3
scale deposited in different conditions were thoroughly evaluated by
means of electrochemical methods including chronoamperometry,
current-voltage and electrochemical impedance spectroscopy (EIS). To
clarify the significance of the hydrogen evolution phenomenon, the
deposition conditions were also evaluated from a chemical view point
based on the thermodynamic equilibrium of ion concentrations. Finally,
the morphology and type of CaCOj crystals formed on carbon steel were
studied using scanning electron microscopy (SEM) and their constituent
elements were identified using the energy dispersive spectroscopy
(EDS) technique.

2. Experimental
2.1. Solution and electrode preparation

To evaluate the precipitation mechanism of calcium carbonate in
the absence of other forms of scales, the basic artificial seawater was
prepared by incorporation of NaHCO3 0.20 g/L and CaCl, 1.16 g/L
corresponding to ASTM D1141. The initial pHy value was adjusted to
8.2 by NaOH. All chemicals were reagent grades purchased from Merck
(Germany).

The effect of bicarbonate concentration on precipitation was studied
by incorporation of 50, 100 and 200% bicarbonate according to ASTM
D1141, which is equal to 0.1, 0.2 and 0.4 g/L within the artificial so-
lution, respectively. The effect of temperature (25, 35 and 45 °C) on
precipitation was investigated at —1.0 Vgcg in the basic artificial so-
lution. The solution temperature was kept constant using a water bath
with an accuracy of + 1 °C.

The chemical composition of carbon steel as the working electrode
with an area of 1cm? is given in Table 1The specimens were me-
chanically abraded with emery papers of 800, 1200 and 2000, respec-
tively. The specimens were, then, thoroughly washed with double dis-
tilled water and acetone.

2.2. Electrochemical techniques

2.2.1. Electrochemical cell

All electrochemical measurements were performed by using a po-
tentiostat/galvanostat (Autolab) 302N instrument in a three-electrode
cell including a graphite rode with a large surface area as the counter

Table 1

The chemical composition of carbon steel.

Element C Mn P S Si Cr Cu Mo Ni A
Composition 0.35 1.06 0.04 0.04 0.10 0.40 0.40 0.15 0.40 0.08

(Wt%)
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electrode, a saturated calomel electrode (SCE) as the reference elec-
trode and carbon steel as the working electrode. Solution tests were
open to the atmosphere under unstirred conditions.

2.2.2. Chronoamperometry and cathodic polarization

The kinetics of calcium carbonate deposition was monitored using
the chronoamperometry technique at different CPs (—0.8, —0.9, —1.0,
—1.1 and —1.2Vgcg) with a signal record interval of 2s. For better
understanding the cathodic reactions that occur at the surface of carbon
steel, current-potential curves were recorded with a scan rate of
1mVs~! in the potential range from —0.6 to —1.80 Vgcg in the arti-
ficial seawaters with different bicarbonate concentrations and different
solution temperatures at pH = 8.2.

2.2.3. Electrochemical impedance spectroscopy

The nature of CaCOj3 scale deposited on the electrode surface was
studied using the electrochemical impedance spectroscopy (EIS) test. To
this end, the applied CP was kept on the electrode and the EIS spectra
were recorded around this potential at an amplitude perturbation of
10 mV over the frequency range of 100 kHz to 10 mHz after performing
the chronoamperometry test.

2.3. Characterization of deposited film

Ex-situ characterization of CaCOj3 precipitation was performed using
the scanning electron microscope (SEM, LEO 1450VP) technique after
the formation of a scale film under CP runs and the elements nature
present in the scale layer was determined using the energy dispersive
spectroscopy (EDS) technique.

3. Results and discussion
3.1. Evaluation of tendency to chemical precipitation of CaCO3

It may be useful to evaluate the tendency of CaCOj3 precipitation on
carbon steel surface in the artificial seawater before applying CP
(possibility of chemical deposition). The dissolution equilibrium of
CaCOs is as follows [24]:

CaCOs; « CO (g + Ca*¥yg 3

According to this equation, it can be found that CaCO5 precipitation
takes place when the concentration of both Ca?* and CO5?~ becomes
greater than the solubility (S) of calcium carbonate at a determined pH;
and temperature. In this regard, the value of S is calculated by the help
of following equation [24,25]:

s [Ksp(lo—ZPHs + K. 107285 4+ KK, )0'5

KK, @

where K; and K, are the acid dissociation constants for H,COs and
HCO;™, respectively and K, is the solubility product constant of
CaCO3. The constants K;, K, and K, are functions of temperature,
which have been calculated using the following relations [26,27]:

pK, = 1074 T2 — 1.22 T + 6.5755 5)
pK, = 9.0 X 10~5 T2 — 0.0137 T + 10.618 6)
PK,, = 0.031111 T + 1502.0 T — 5.518 log T + 7.8156 %)

The values of K;, K> and K, at 25°C were calculated using Egs.
(5)-(7) and they were 4.94 X 1077, 4.06 X 10™'! and 4.63 x 10~°,
respectively. Before applying CP, the pH value was equal to 8.2
throughout the solution even at the electrode/solution interface. Thus,
the solubility of CaCO3; was calculated as 85.6 ppm at 25 °C by Eq. (4).

Besides, it is essential to determine the concentration of both car-
bonate (CO527) and calcium (Ca®") ions within the solution. The
concentration of Ca?® is high enough (1160ppm) while the
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Fig. 1. Current-potential curve of carbon steel in artificial seawater based on
ASTM D1141 (NaHCO3; 201 ppm and CaCl, 1160 ppm) at 25°C. Scan rate:
1mvs™'

concentration of CO3> has a limiting effect on CaCO3 precipitation. In
this work, COs> ions were generated through the dissolution of
NaHCO3 and their concentration was calculated by using the following
equation [25]:

K1 K; [HCO5]
1072PHs + 107PHK; + KK,

2-1 —
[COs*7] ®
Regarding this equation, the concentration of carbonate ions is
equal to 1.3 ppm within the solution at a pHg = 8.2 and at a tempera-
ture of 25 °C. As a result, the greater value of calcium carbonate solu-
bility (S = 85.6 ppm) compared with CO3>~ concentration (1.3 ppm)
indicates that chemical deposition of CaCO3; within the artificial sea-
water is not possible to take place.

3.2. Evaluation of electrochemical precipitation of CaCO3

3.2.1. Current-potential curve

Fig. 1 shows the current-potential curve for carbon steel at
pH; = 8.2 and at a temperature of 25 °C. Two distinct regions can be
identified as the slope of the curve considerably increases at a potential
range between —1.0 and —1.1 Vgce. The first region at more positive
potentials involves the oxygen reduction reaction as shown by the fol-
lowing Eq. [15]:

0, + 2H,0 + 2e~ — 40H- (C)]

In the second region created at more negative potentials, the water
reduction reaction along with hydrogen evolution occurs as [15]:

2H,0 + 2e~ — H, + 20H" (10)

Under the application of CPs, the production of hydroxyl groups
corresponding to Egs. (9) and (10) involves an increase in the pH value
in the vicinity of the electrode, causing the dissociation of bicarbonate
anions and their transformation into carbonate anions according to Eq.
(1). The increase of CO5" concentration forces the carbonate calcium
precipitation on the carbon steel surface according to Eq. (2). Moreover,
the value of pHg was measured after the electrochemical test and the
obtained results suggest no change in the solution pH most probably
due to both the buffer nature of artificial seawater and the small volume
of the solution around the electrode surface compared to that of bulk
solution.

It is clear from Fig. 1 that the cathodic current in the region cor-
responding to water reduction is considerably higher than that of
oxygen reduction. This can be explained by high dependency of oxygen
reduction on the diffusion phenomenon of oxygen molecules within the
solution, which may restrict the rate of this reaction.
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Fig. 2. Chronoamperometric curves of carbon steel in artificial seawater based
on ASTM D1141 at 25 °C and at different cathodic potentials: (a) - 0.8 Vgcg, (b)
— 0.9 Vgcg, (¢) - 1.0 Vgcg, (d) — 1.1 Vgcg and (e) —1.2 Vgcg.

3.2.2. Chronoamperometry

Electrochemical scaling is induced by the application of different
CPs on the electrode surface [9]. Fig. 2 shows the chronoamperometric
curves for carbon steel at different CPs in artificial seawater based on
ASTM D1141 at 25°C. As can be seen, in all CPs, the current density
decreases immediately under progressive blockage of the metal surface
by CaCOs precipitation. After a certain time, known as scaling time (t;),
variation of current density with time becomes negligible, indicating
the end of the growth stage of CaCOj crystals [10,28]. In this work, the
scaling time was determined by drawing the tangent to the inflexion
point of the chronoamperometric curve and the point where it crosses
the time axis was considered as an approximated scaling time, t,. Under
longer time of CP application, a steady state current, named residual
current density (i,), is attained as a result of an almost total coverage of
the electrode surface. The estimated values of the scaling parameters (t;
and i,) for carbon steel at different CPs are given in Table 2.

Table 2 shows that both residual current density, i,, and scaling
time, t;, increase continuously as the CP shifts to more negative values.
A similar behavior has been reported elsewhere [19,22]. The parameter
i, is an important feature of the CaCO;3 scale deposited on the metal
surface and its higher value is an evidence of the formation of a weaker
layer of deposits.

The value of i, consists of two currents: oxygen and water reduction.
When the CP value shifts towards the negative values, the contribution
of oxygen reduction to the i, decreases and that of water reduction
increases [19], as shown in the current-voltage curve (Fig. 1). In ad-
dition, the higher rate of water reduction reaction compared with that
of oxygen reduction induces a more significant effect of water reduction
on the precipitation parameters under electrochemical deposition,
especially at CPs > —1.0 Vgcg. In view of the water reduction reaction
Eq. (10), it can be concluded that the application of more negative CPs
produces a higher rate of both hydroxyl groups and hydrogen bubbling.

It is known that an increase in the concentration of hydroxyl groups
near the electrode surface favors CaCO3 deposition process. To inspect
the effect of interfacial pH on the scaling process under the application
of CP, it is essential to determine the values of pH adjacent to the
electrode surface; however, it is usually difficult to measure. In this

Table 2
Effect of cathodic potential on the scaling parameter of carbon steel in artificial
seawater based on ASTM D1141 at 25 °C.

CP (Vscg) -0.8 -0.9 -1.0 -1.1 -1.2
ts (s) 470 690 1140 1840 4140
ir (MAcm™?) 41 68 77 281 602
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Table 3

Effect of CP on the interfacial pH, CaCOj3 solubility and carbonate concentration
in artificial seawater based on ASTM D1141 at a solution pH of 8.2 and at a
temperature of 25 °C.

CP (Vscr) -08 -09 -10 -11 -12
Interfacial pH (Tlili et al. [14]) 9.70 9.80 9.85 9.87 9.90
S (ppm) according to Eq. (4) 16.6 15.1 14.4 14.2 13.8
[CO52~] (ppm) according to Eq. (8) 34.0 41.0 44.9 46.5 49.0

regard, some works have been carried out to measure the interfacial pH
in various conditions [14,29]. Tlili et al. [14] studied CaCOs pre-
cipitation process by measuring the interfacial pH by varying CP in a
solution similar to that used in the present work under hydrodynamic
conditions. However, they found that hydrodynamic conditions have a
negligible influence on the measured values of interfacial pH. Ac-
cording to them, here, the variation of interfacial pH under the appli-
cation of different CPs at a solution pH of 8.2 and temperature of 25 °C
is presented in.

Table 3. Then, the values of CaCOs5 solubility (S) and carbonate
concentration ([CO52~]) were calculated according to Eq. (4) and Eq.
(8), respectively. However, it is also important to note that as the
electrochemical precipitation takes place close to the electrode surface,
the interfacial pH values were substituted for parameter pH; in these
equations.

The lower value of S than [CO52~] at all CPs verifies the pre-
cipitation of CaCOs. However, it is evident that the values of S decrease
while the values of [CO3%~] increase adjacent to the electrode surface
as the interfacial pH increases. This suggests that the application of
more negative CP favors CaCOs3 precipitation on the electrode surface
and thus one may expect reduction in the value of i; and t;, however,
inspection of results presented in Table 2 shows an opposite trend of
variation. This contradiction can be mainly attributed to the inter-
ference of the hydrogen bubbling phenomenon, which is associated
with the water reduction reaction. In the other words, the increment of
t; and i, with the application of more negative CP indicates that the
effect of the hydrogen evolution phenomenon on the scale deposition
overcomes that of the increase in the interfacial pH.

The predominant effect of the hydrogen evolution phenomenon can
be explained in terms of scaling parameters. The increase in i, with the
application of a more negative value of CP can be attributed to the
induction of higher porosity in the structure of the scale layer and de-
tachment of the small fragment, as discussed earlier [2].This causes the
lower coverage of scale deposition on the metal surface and, conse-
quently, the higher value of residual current density [11,22]. Also, an
increase in scaling time, t; can be ascribed to a decrease in the rate of
crystal growth on the carbon steel surface. Indeed, the hydrogen bub-
bling phenomenon decreases the likelihood of precipitation reaction
occurring on the nucleated sites of CaCO; crystals even under the
condition of CaCO3 oversaturation, thus, enhancing the required time
to reach full growth of scale crystals.

3.2.3. EIS measurement

The main effect of hydrogen evolution on the characteristics of the
CaCOj; scale formed under potentiostatic runs were immediately stu-
died using the EIS technique at the applied CP. The recorded data in the
form of Nyquist and phase Bode plots are presented in Fig. 3. As can be
seen, Nyquist plots consist of two impressed semi-circles; the one at
high frequencies has a larger diameter and corresponds to the char-
acteristics of the deposit layer while the one at low frequencies corre-
sponds to the reduction of reaction feature at the metal/deposit layer
interface [13]. The impedance plots were well fitted to the electrical
circuit containing two time constants as shown in Fig. 4.

In this circuit, Ry, R¢ and R, represent solution resistance, deposit
film resistance and charge transfer resistance, respectively. The
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elements of CPE; and CPEy, correspond to the constant phase elements
of the deposit film and the double layer, respectively [4]. The constant
phase element (CPE) is substituted for the ideal capacitance element to
better fit the EIS curves when the Nyquist circle is in the form of a
depressed shape. This is mainly affected by the surface heterogeneity
such as surface roughness, surface impurity, accumulation of corrosion
products and formation of a porous layer. The impedance of the CPE is
represented by the following expression [10]:

Zepe = (Y (jo)")!

where Y is admittance coefficient with a dimension of Q "' s"em ™2, @ is
the angular frequency (rad/s), n is a power constant as a measure of
surface inhomogeneity and j defines the imaginary number (vV-1).
Using this relation, the impedance of both CPE¢ and CPEy4 can be de-
fined where Y; and Yg4 correspond to admittance coefficient of the de-
posit film and the double layer, respectively; n; and ng are power
constants for the scale film and the double layer, respectively.

All the EIS spectra were well-fitted to the equivalent circuit using
the Zview software and the calculated parameters are summarized in
Table 4. It can be found that when the CP shifts towards negative va-
lues, the film resistance (Rg) decreases markedly, and the parameter n¢
decreases. These trends of variation indicate the lower strength and
higher porosity level of the CaCOj scale film as a result of a higher rate
of hydrogen evolution, which is in full agreement of the results ob-
tained by chronoamperometry tests. Moreover, the admittance coeffi-
cient (Yy) increases, again confirming that hydrogen bubbling hinders
the total coverage of metal surface and the porous structure of the scale
film facilitates the penetration of solution molecules within the scale
film structure.

The data in Table 4 show while the charge transfer resistance (R
decreases, the double layer admittance (Yy)) increases as a result of the
application of more negative CP, indicating the facilitation of cathodic
reaction. This behavior can be attributed to the effect of the hydrogen
evolution on the structure of the scale film. Indeed, CaCO3 deposits
have a physical barrier effect against the penetration of both oxygen
and water molecules; thus, incomplete coverage of metal surface pro-
motes diffusion of these components towards the metal surface.
Therefore, the higher concentration of oxygen and water molecules at
the interface of metal/CaCOs3 deposit causes an increase in the reaction
rate of cathodic reductions. The decrease in the parameter ny, is as-
cribed to the increase in the nonhomogeneity of the metal surface.

Consequently, the EIS data on the nature of the CaCO; scale pre-
cipitated at different CPs well explains the results obtained by chron-
oamperometry tests and it can be stated that the increase of residual
current density, iy, is attributed to the lower coverage or higher porosity
level of CaCOj scale film. This evidence verifies the inhibiting effect of
the hydrogen evolution phenomenon on the formation of CaCO3 de-
posits.

(1)

3.3. Effect of bicarbonate concentration at CP = — 1.0 Vgcg

Fig. 5 shows the chronoamperometric curves for carbon steel in the
artificial solution with different concentrations of bicarbonate including
50%, 100% and 200% corresponding to ASTM D1141 ([HCO3 ) at
CP = —1.0 Vscg and 25 °C. The values of t; and i, are found respectively
to be about 920 s and 62 pA cm ™ 2 for 50%, 2230 s and 153 pA cm ~ 2 for
200% [HCOs3 lsq- The values of these parameters for 100%
[HCO3 ™ ]sia have been reported in Table 2. It is clear that the increase
of [HCO3 ] results in an increase in the values of both parameters i,
and t;.

Before going on any further to consider the electrochemical evi-
dence in more detail, it can be useful to analyze the effect of chemical
composition of the solution on CaCO3 deposition. It was reported ear-
lier that a change in the bicarbonate concentration, especially at high
concentrations, has a negligible effect on the pH of the solution because
of the fact that the artificial solution acts as a buffer [25]. In the present
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Fig. 3. (a) Nyquist and (b) Bode phase plots

for deposit covered carbon steel specimens
in artificial seawater based on ASTM D1141
at 25 °C and at different CPs: ([(J) — 0.8 Vs,
(4) - 0.9Vscg, (X) = 1.0 Vsc, (O) - 1.1
Vscg, (0) —1.2 Vgcg, () fitting line.
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Fig. 4. Equivalent circuit model used to analyze impedance data.
Table 4

Effect of cathodic potential on the scaling parameter of carbon steel in artificial
seawater based on ASTM D1141 at 25 °C.

CP (Vsce) R¢ CPE¢ Ret CPEg
(Qcm?) (Qcem?)
Y; x 10* ne Yq x 10* nai
Q@ tem™2sM) (Q Tem™2sm)
-0.8 1460 2.16 0.78 2960 38.1 0.71
-0.9 1210 2.28 0.79 2810 47.7 0.62
-1.0 360 4.16 0.74 730 110.0 0.54
-1.1 280 4.37 0.70 310 130.0 0.52
-1.2 80 5.81 0.67 40 654.0 0.51
700 . . - - - -
600 1

0 " 1 1 1 1 1

2000
time ()

0 1000 3000 4000

Fig. 5. Chronoamperometric curves of carbon steel in artificial seawater based
on ASTM D1141 at 25°C with different bicarbonate concentrations: (a) 50%
[HCO3 ™ 1sta, (b) 100% [HCO3 ™ Ista and (c) 200% [HCO3 ™ 1sta.

work, the values of pH; at different concentrations of bicarbonate were
measured and found to be very close to the value of 8.2. In this situa-
tion, an increase in [CO5%~] with [HCO3 ] is expected according to Eq.

146

log (f/ Hz)

(1), however, the constant pH of the solutions implies that the
[HCO5~1/[CO527] ratio still remains constant.

Considering Eq. (2), it may be expected that the increase of [CO527]
favors CaCO5 deposition on the carbon steel surface, hence, decreasing
the current density. However, the opposite has occurred and residual
current density, i, increases according to the chronoamperometric runs.
This can be explained by the fact that direct reduction of bicarbonate
ions takes place concurrently with oxygen and water, especially at high
[HCO3™ 1, according to the following equation [30,31]:

2HCO3 + 2™ — H; + 2CO3 12)

The effect of [HCO3 ] on the cathodic current density is analyzed
by current-potential curves in Fig. 6. It is obvious that cathodic current
density is increased by incorporation of a higher content of bicarbonate
within the solution. Moreover, the increase in cathodic current density
is more significant at more negative potentials. Considering Eq. (12),
the increase of [HCO3 ™ ] provides the higher rate of hydrogen evolution
on the metal surface [31]. This suggests that the hydrogen bubbles
interfere in the stages of the formation of the CaCO3 deposit on the
surface of carbon steel. The increase of t; with bicarbonate concentra-
tion indicates the longer time of growing stage and the increase in i,
implies the incomplete coverage of the carbon steel surface or a de-
crease in the compaction of the CaCOj3 scale layer as a result of the
hydrogen bubbling phenomenon. The low degree of surface coverage
may also be related to the effect of the hydrogen bubbling on the nu-
cleation stage of scale formation by sequestering calcium carbonate to

-5 P S U U R
-2 -1.5 -1 -0.5
E(VSCE)

Fig. 6. Current-potential curves for carbon steel specimens in artificial seawater
based on ASTM D1141at 25 °C with different bicarbonate concentrations: (a)
50% [HCO3 lsw, (b) 100% [HCO3 ]sia and (c¢) 200% [HCO3 lgg. Scan
rate:1 mVs~ L.
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Fig. 7. (a) Nyquist and (b) Bode phase plots for deposit covered carbon steel samples at 25 °C with different bicarbonate concentrations: (A) 50% [HCO3 ™ lsw, (C1)

100% [HCO3 " Isa, (O) 200% [HCO3 Iswa and () fitting line.

precipitate on the metal surface.

The nature of the CaCOs film deposited at CP = —1.0 Vg¢g in arti-
ficial seawater with different bicarbonate concentrations was studied
by using the EIS method and the impedance curves are shown in Fig. 7.
The EIS data were well-fitted to the electrical circuit, as shown in Fig. 4
and the obtained impedance parameters are presented in Table 5.

It can be found that an increase in bicarbonate concentration causes
a decrease in the solution resistance within the pores of the deposit
layer in terms of R¢ and a decrease in resistance against reduction re-
action in terms of R... Moreover, the values of both Y; and Yy increase
mainly due to the increase in the water content both within the scale
layer and at the metal/deposit interface, respectively. In addition, re-
duction of both parameters n¢ and ng, suggests a higher degree of por-
osity of the CaCOj scale film and the increment of the nonhomogeneity
of the metal/deposit interface, respectively. These observations indicate
decrease in the strength of the scale deposit and its higher level of
porosity on the metal surface due to the hydrogen evolution phenom-
enon, which makes perfect sense in view of the increase of i, with bi-
carbonate concentration obtained from chronoamperometric runs.

Considering these results, it can be stated that an increase in bi-
carbonate concentration under the application of CP < —1.0 Vgcg fa-
vors the reduction of CaCO; precipitation at a determined pH and
temperature. However, it is more significant at a higher concentration
of bicarbonate as the i, for 200% [HCO3 ™ ]sq is approximately 2.5 times
greater than that of 50% at CP = —1.0 Vgcg and temperature 25 °C.

3.4. Effect of solution temperature at CP = — 1.0 Vscg

In industrial applications, temperature is an important factor that
might vary within a relatively wide range during the operational time.
Moreover, the solution temperature may have a significant effect on the
scaling process of the equipment. Fig. 8 shows the chronoamperometric
curves of carbon steel cathodically polarized at CP = —1.0 Vg¢g in ar-
tificial seawater at different solution temperatures. At temperatures of
25, 35 and 45 °C, the values of t; are equal to 1140, 1580 and 2120s,

700 —

0 " 1 " 1 1 1

0 1000 2000 3000 4000
time (s)
Fig. 8. Chronoamperometric curves of carbon steel at CP = —1.0 Vgcg at dif-

ferent temperatures: (a) 25 °C, (b) 35°C, (c) 45°C.

respectively, while the values of i, are equal to 77, 104 and
254 uA cm ™2, respectively. Therefore, the temperature elevation is as-
sociated with the increase of scaling time, t; and residual current den-
sity, i, under the application of CP.

On the other hand, from the aspect of tendency for chemical de-
position (in the absence of CP), the temperature favors the scaling ki-
netics leading to lower scaling times and also less residual current
density due to higher coverage of metal surface by scale deposition. In
fact, when the temperature of the solution increases, the solubility
parameter, S, decreases according to Egs. (4)—(7) and the carbonate
concentration, [C032’], increases (Eq. (8)) because of an increase in
the pH; value. In this situation (chemical deposition), an increase in
tendency towards CaCO3 deposition is expected.

This discrepancy can be explained by the different conditions en-
countered in chemical and electrochemical precipitation. In other
words, the chemical deposition is controlled by two factors of solubility,

Table 5
Effect of [HCO3 ] on the impedance parameters for carbon steel cathodically polarized at —1.0 Vgcg in artificial seawater based on ASTM D1141.
[HCO5 ™ Ista (%) R; (Qem?) CPE; Ry (Qem?) CPEy
Yex 104 (Q 'em ™2 s") ne Ya x 10* (@~ em™2s") nal
50 390 3.50 0.75 760 109 0.56
100 360 4.16 0.74 720 129 0.52
200 340 4.52 0.73 690 132 0.50
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Fig. 9. Current-potential curves of carbon steel at CP = —1.0 Vg at different
temperatures (a) 25 °C, (b) 35 °C, (c) 45 °C. Scan rate: 1 mvVs~L
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S and ion concentrations (here Ca®>* and CO32~) within the bulk so-
lution determined by thermodynamics equilibrium relations while, in
the case of electrochemical deposition, the application of CP causes the
interference of the hydrogen evolution phenomenon on CaCOj de-
position and thus deviation from that is commonly predicted by the
chemical precipitation.

To investigate the electrochemical deposition under temperature
variation, the current-voltage curves registered at different solution
temperatures are shown in Fig. 9. In the plateau region corresponding
to oxygen reduction, the value of the current density decreases slightly
with temperature which is in good agreement with findings in other
similar works [21,22,32]. In fact, the temperature elevation is asso-
ciated with an decrease in oxygen solubility and an increase in the
diffusion coefficient [21]. However, it was reported that the effect of
the latter is more important and thus accelerates the reduction rate of
oxygen [22]. This can be considered as the reason for the slight shift of
the curves towards the cathodic direction. Although, it should also be
mentioned that the increase of O, reduction reaction does not have a
significant impact on the interfacial pH [32].

Fig. 10. SEM micrographs of carbon steel surface in artificial sea water based on ASTM D1141 at 25 °C after cathodically polarization at (a and b) —0.8 Vscg, (c and

d) —1.0Vgcg, (e and f) —1.2 Vg at different magnifications.
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A careful look at Fig. 9 reveals that the length of the diffusion
plateau decreases with temperature suggesting that water reduction
starts from more noble potentials and thus its contribution to the total
reduction current density increases at CP = —1.0 Vgcg. In addition, as
discussed before, water reduction causes two effects on CaCOs3 pre-
cipitation: the first effect is the increase in the interfacial pH by pro-
ducing a higher content of hydroxyl groups and the second is the in-
crease in the rate of hydrogen bubbling. Considering these concepts, the
increase of i, and t; with temperature obviously advises the pre-
dominant effect of the hydrogen evolution phenomenon on the scale
precipitation under the application of CP. This interesting observation
can be explained by the fact that the elevation of solution temperature
(a) increases the contribution of water reduction from i, especially
around the CP = —1.0 Vg and (b) stimulates water reduction reac-
tion. These two effects ensure a higher rate of hydrogen evolution
causing not only a reduction in the surface coverage but also an in-
hibiting effect of temperature elevation on the electrochemical CaCO5
deposition.

An inspection of Fig. 8 reveals that when the solution temperature
rises from 25 °C to 45 °C, the fluctuations in the cathodic current density
increase which is evidence of the instability of the CaCOj3 film asso-
ciated with the high rate of hydrogen bubbling. Therefore, the EIS test
on the scale film may be unreliable in this condition.

3.5. Surface analyses

The effect of CP (—0.8, —1.0 and — 1.2 Vgcg) on the morphology of
scale deposition on the carbon steel surface in the artificial seawater at
25 °C can be seen in Fig. 10 at two magnifications (2500 and 25,000). It
appears that the CaCOj; crystals are made of both small and large sizes
regardless of the applied potentials. At the lower magnification, i.e.
2500 (Fig. 10a, c and e), the CaCOs3 crystals are made of two well-
defined forms including calcite in a rhombohedral shape and aragonite
in a cauliflower morphology [2]. It is apparent that the proportion of
aragonite crystals to that of calcite is increased by the shift of CP to-
wards the negative direction. The SEM images taken at higher magni-
fication, i.e. 25,000 (Fig. 10b, d and f), show that a thin film of needle
like aragonite crystals covers throughout the metal surface which is in
good agreement with that was reported before [9]. Considering these
observations, it can be stated that in both low and high magnifications,
the compaction and thus the coverage percentage of the scale film de-
crease as a result of the application of more negative CP. This can be
explained by the hindering effect of hydrogen evolution on both the
nucleation and growth stages of the deposition process, thus confirming
the results obtained in electrochemical tests.

The constituent elements of the scale layer deposited on the carbon
steel surface were analyzed using the EDS technique whereas very si-
milar spectra were obtained at different conditions. Thus, the EDS
spectrum of the scale deposited on the carbon steel surface in artificial
seawater at 25°C after cathodically polarization at CP = —1.0 Vgcg
(corresponding to Fig. 10c and d) is typically shown in Fig. 11. The
presence of a significant peak for the calcium element confirms the
formation of the CaCOs crystal which is in keeping with the results
obtained in other similar studies [15].

To clarify the effect of temperature on the CaCO3 precipitation, SEM
photographs of the scale precipitated on the carbon steel surface at
CP = —1.0 Vscg and 45 °C are shown in Fig. 12 at two different mag-
nifications. It is obvious that the deposit film is composed of a large
calcite and small needle like aragonite crystals with approximately a
sharp size distribution. When temperature increases from 25 °C to 45 °C,
a comparison of SEM images taken at low and high magnifications
shows that while the amount of calcite crystals increases, that of ara-
gonite crystals decreases significantly. Indeed, the effect of temperature
elevation on hydrogen bubbling can be explained as facilitation of
nucleation and growing stages of calcite crystal and a reverse effect on
those of the aragonite.
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Fig. 11. Energy dispersive spectrum for deposit formed on carbon steel surface
in artificial solution based on ASTM D1141 at 25 °C after cathodically polar-
ization at —1.0 Vgcg.

Regarding the chronoamperometric tests, it has been found that the
residual current density (i,) decreases with temperature due to the de-
creasing the coverage of metal surface as a result of hydrogen bubbling.
Therefore, it can be concluded that the coverage property of the CaCO3
scale depends mainly on aragonite crystals. This could be attributed to
the fact of the smaller size of aragonite than that of calcite favoring
formation a more compact film and probably higher adherent of ara-
gonite crystals to the carbon steel surface.

4. Conclusion

In this study, the significant effect of the hydrogen evolution phe-
nomenon on CaCO3; deposition was investigated in artificial seawater
under different conditions. The main findings of the present study are as
follows:

— When the CP shifted towards negative values, the water reduction
reaction had the main contribution to the i,. The water reduction
reaction is associated with the increase in both interfacial pH and
hydrogen evolution while the latter had a major effect on the elec-
trochemical deposition and significantly prevented the CaCOj3 pre-
cipitation.

Interestingly enough, the increase of bicarbonate concentration
caused the reduction in the coverage of metal surface by the scale
deposition. This behavior can be explained as a competition be-
tween the increment of carbonate ions stimulating scale deposition
and hydrogen evolution hindering the scale formation. However,
the obtained results showed that the effect of hydrogen bubbling is
predominant under electrochemical precipitation.

The temperature rise also showed an inhibiting influence on CaCO3
deposition under the application of CP. This interesting observation
was at odds with the normal effect of temperature elevation on the
scale deposition and can be explained as the predominant effect of
hydrogen evolution. In fact, the temperature elevation causes the
increase in the rate of hydrogen evolution under electrochemical
precipitation by means of: (a) the increase in the contribution of
water reduction to the i, and (b) increase in the rate of water re-
action.

The SEM images showed that the scale deposition is made of both
large sizes of calcite and small sizes of aragonite crystals. The
quality of surface coverage of carbon steel confirmed the effect of
hydrogen evolution obtained by electrochemical tests. However, it
could be concluded that the coverage property of the scale film
depends on the aragonite crystals to a large extent.
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Fig. 12. SEM micrographs of carbon steel surface at 45°C and CP = —1.0 Vscg and at different magnifications.
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